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ABSTRACT 
The nature of excimer formation in solution has been 
investigated using time resolved fluorescence spectroscopy. 
This method affords a means of testing the assumption that the 
rate of excimer formation is diffusion controlled. rt · appears 
that in solvents of low viscosity, not all collisions of 
excited and unexcited monomer molecules results in formation 
of an excimer. 
An instrument which measures fluorescent intensity-time 
curves in the nanosecond region is described. 
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I I NTRODUCTION 
The fluorescenc e spectra of many aromatic hydro-
carbons consist of two components , a structured band with 
a broad structureless one at longer wavelengths. The first 
is the normal fluorescence corresponding to emission f rom 
the f irst .-,, -electronic singlet state of the molecule to 
the si nglet ground state. The broad band is produced by 
the process 
1 
* Whe re A is the excited species, promoted from the molecule A. 
* AA is an excimer produced by association of excited and 
unexcited monomer molecule~ . The intensity of the excimer 
f luoresc e nce increases with concentration. The absorp tion 
spectrum is independent of conc e ntration and is characteristic 
of the monomer, showi ng tha t the excimer is not present in 
the ground state . The e xcime r is uns table and dissociates in 
the g round state . 
The formation of excimers was reported by Forster 
and Kasper in 1955 . 1 They studied the concentrati on 
dependence of the quantum intensity of the monomer and excimer 
emissi ons for pyrene in various solvents at room temperature . 
They showed that the excimer formation process is diffusion 
controlled . 
' 
Formation of excimers has since been detected in 
many aromatic hydrocarbons . 2 - 1 7 
2 Doller and Forster observed the absolute 
2 
fluorescence quantum yields for both emissions of pyrene 
solutions in paraffin oil . They analysed the results to 
evaluate the rate parameters and their associated activation 
energies . An analysis of the formation of excimers of pyrene 
in cyclohexane7 showed that the formation is difussion 
controlled . 
The aim of this project was first to design and 
construct a fluorescent decay spectrometer . This inst rument 
would be used to study the change in the intensity of 
fluorescence with time . In addition the aim was to develop 
a method of analysing these data to give the rate parameters 
of the excimer f ormation process. 
The aim was to use this instrument to study the 
f ormation of excimers of pyrene in low viscosity solvents . 
II THE I NSTRUMENT 
Two types of instrument c an be used to study the 
c hange in the intensity of fluorescence with time . The 
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fi rst uses a modulated source of continuous light for 
excitation of the sample . The decay time of the fluorescence 
is determined from the differences in the phase or the depth 
of modulation between the exciting and the fluorescent light ; 
the phase fluorometer and the modulation fluorometer 
respectively . 
The second type , the pulse fluorometer , produces 
a curv e of fluorescent light intensity versus time by 
exciting the sample with a light pulse of short duration, 
observing the fluorescent decay directly in the interv al 
between the excitation pulses . This is a more fundamental 
method , however its use was restricted by the need for a 
pulsed source of light whose decay time is short with 
respect to the decay time of the fluorescence of the sample . 
A. THE PHASE AND MODULATION FLUOROMETER 
Most of the design and development of this 
instrument has concentrated on the phase fluorometer , with 
little work on the modulation or on the phase and modulati on 
instruments . In general phase methods are less susceptible 
to interference than are intensity measurements . 
The first reliable phase fluorometer was 
constructed by Gaviola in 1926, 1 - 3 and used a Kerr cell 
to modulate a source of polarised light . This system was 
restricted by the Kerr cell; most materials with a high 
Kerr constant also absorb strongly in the ultraviolet . 
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This disadvantage is overcome by the use of an electro-
optical modulator using the Pockels eff ect . 4 , 5 Light 
modulators using this effect are now commercially available . 
Ultrasonic diffraction gratings are now widely 
used as a source of modulated light and have been used by 
6 - 9 . 1 O 11 Maercks , and by Tumerman and Szymanowski . ' These 
gratings are generated by ultrasonic standing waves in a 
liquid . The stationary wavelength is of the order of 
10- 4 cm; a modulated signal is observed in the zeroth or 
higher order outputs . 
The development of photomultipliers enabled major 
advances in the desi g n of detection systems . Previously , 
devices with a variable optical path length were used to 
alter the phase of the signal with respect to the reference 
signal from the exciting light . Now electronic methods 
could be used to change the phase of the si gnals and in 
addition a particular harmonic of the exciting light could 
be isolated using tuned amplifiers , making the mathematical 
treatment of the results much simpler . Comparison of the 
phase of the two signals was also facilitated . 
Various instruments have been built using 
photomultiplier detection, by Liebson, 12- 16 Bailey and 
Rollefson , 17 Birks and Little18 and by Schmillen. 1 9 
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Several methods of phase difference detection including 
Lissajous fi gures on an oscilloscope and a narrow band 
radio receiver tuned to the fundamental frequency of the 
exciting source have been used . There are several detailed 
reviews on this type of instrument . 20 
The primary source of e r ror in phase fluor -
ometry is scattered light, which reduces the apparent 
fluorescent lifetime . Correction must also be made for a 
change in the phase of a signal from a photomultiplier 
with a change in the illumi na ted area of the photocathode . 
These factors and others associated with the method have 
been discussed by several authors . 20- 24 
A phase or a modulation fluorometer is at 
present restricted to the observation of systems whose 
fluorescent decay is simple exponential . A phase and 
modulation fluorometer , which measures both the differenc es 
in the phase and in the depth of modulation can be used to 
analyse fluorescence which is more complex, as is found in 
the excimer systems discussed later . However , both 
parameters , the phase and the modulation depth , must be 
measured for both monomer and excimer fluorescence and in 
many cases this presents diff iculties . 25 
B. THE PULSE FLUOROMETER 
The components of this instrument are a light 
source generating short flashes of light which excite the 
sample and a detection system observing the fluores cence 
of the sample in the time between the exciting pulses. 
1 . THE SOURCE 
The requirement for a source producing a 
repetitive flash of a few nanoseconds duration can be met 
by a variety of devices, few of which are practical for 
this application. 
A rotating sector disk, the s implest f orm of 
chopper , is unsuitable; a 10 cm disk rotating at 108 RPM, 
chopping a light beam 1 mm wide will produce a pulse of 
1ns fall time , however the peripheral v elocity will be 108 
- 1 cm sec • Using unslotted hardened steel rotors of 
comparable d imensi ons, peripheral velocit ies of 105 cm 
6 
- 1 26 
sec have been achieved before breakage by arshall et al 
in 1948 , and by Williams27 in 1 96 0 . 
A practical mechanical chopper could probably be 
based on the design of Garbuny28 et al, which used a set 
of mirrors rotating i nside a set of fixed mirrors . These 
authors achieved a fall time of 22 ns . There should be no 
difficulty in increasing the speed of the rotating mirrors 
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above the 2 x 104 RPM they used, Gladis et a1; 9 achieved 
3 x 105 RP~ in 1956 . Rectangular turbine driven mirrors 
can be run at 4 x 105 RPM in air, and 6 x 105 RPM in 
helium with helium as t~e drive gas . Brixner30 gives 
extensive details of high speed rotating mirrors describing 
models with working speeds as high as 106 RPM . Dif iculties 
with oil s pray from the lubricated bearings used can be 
overcome by the use of magnetic suspensions, as described 
by Beams et a1 . 31 Mirror distortions may be examined at 
speed and corrected by the methods of Holland and Davis . 32 
Techniques of high speed rotation have been reviewed by 
Beams . 33 
The remaining mechanical method is the moving 
ribbon shutter in which a thin beryllium- copper ribbon 
moves in a magnetic field when driven by current pulses 
from a square wave generator. A rise time of 10 f sec has 
been achieved by Berry and Jones, 34 a consideration of the 
mechanics shows that this is close to the ultimate 
performance . To cut a 1 mm light beam, a linear speed of 
8 - 1 h 10 cm sec is required . To accelerate the shutter t ot is 
speed in the short distance over which the field is acting , 
say 1 cm, requires a force of about 101 5 dynes on a shutter 
of mass 0.1 grams . This is a force of 1012g , and is out of 
the question. 
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A polarised light shutter using a Kerr cell or 
using an electro-optical modulator utilising the Pockels 
effect is limited by the low extinction ratio, rarely 
better than 105 : 1 . The extinction ratio of a shutter is 
the ratio of the transmitted light intensity in the on and 
in the off states . A Kerr cell is also limited by the need 
for a liquid with a high Kerr constant and high ultraviolet 
transmission. 
All chopper systems have a fundamental limitation 
in their mark space ratio, the ratio of time on to time off. 
For example, a chopper producing a pulse 1 ns wide at a 
repetition rate of 1 Kc/s has a mark space ratio of 10-
6
• 
If it is chopping a c ontinuous source, 10-~ of the energy 
supplied to the chopper actually emerges as useful energy 
in the pulses . A solution is to use a medium duration ga s 
discharge flash lamp synch~onized with the chopper, and to 
tolerate the difficulties of synchronization~9 
There are a number of devices capable of producing 
short light flashes which must be eliminated due to problems 
of achieving the required repetition rate . These include 
exploding wires and explosion driven shutters?5- 37 
A different approach to the problem is the use of 
a Q switched laser . In a normal pulsed laser emission 
occurs at some indeterminate time after the start of optical 
pumping . If the effective Q of the system, in this sense 
the efficiency of the system , is kept below the critical 
level there will be no laser emission. If the Q is 
9 
suddenly raised above the critical level, giant pulses of 
short duration can be generated . The normal method of Q 
switching is replacement of one of the fixed mirrors in a 
normal laser system with a rotating mirror, resulting in 
pulsed emission at the same frequency as the mirror rotation . 
Pulse widths of 0 . 5 ns have been obtained . 38 
Cathode ray tubes have been used to generate 
moderately intense , short flashes with rise times of about 
39 2 ns . The electron beam in a travelling wave oscilloscope 
with a writi ng rate of 10 ns cm-1 was deflected past a mask 
on the screen; the light was the emission of the short 
persistence phosphor . This method requires complex 
electronic equipment; the device is v irtually a complete 
travelling wave oscilloscope . 
one of the above methods are particularly useful 
in our application . The one possible exception is the Q 
switched laser, however this source would be considerably 
more expensive than the flash lamp systems described in the 
next sections . Since ultraviolet excitation light is 
required , this source is not practical at present . 
10 
Gas Discharge Lamps 
If the voltage across two electrodes in a gas 
is increased slowly, no substantial current will flow 
between them until the voltage has exceeded the breakdown 
voltage of the gas . Once this vol tage has been exceeded, 
the gas between the electrodes will become ionised and 
current will flow . The discharge will be maintained 
until the current through the gas is reduced below the 
crit ical level required to support it . 
If one of the electrodes is earthed and the other 
is supplied from a high voltage generator through a high 
resistance, as shown in Fig 1, the system will produce 
short light pulses . Initially the voltage across the 
electrodes will be zero . Current will flow from the power 
supply, charging up the stray capacitance of the lamp . The 
discharge will start when the breakdown voltage is exceeded 
and charge will be conducted from the high voltage electrode 
to the earthed electrode through the low resistance of the 
discharge . With a high resistance between the high vo ltage 
electrode and the s upply voltage , charge will be conducted 
away faster than it can be resupplied through the resistor . 
The volt age on this electrode will continue to drop until 
the voltage difference is insufficient to maintain the 
discharge . The gas will stop conduct ing, and the voltage 
difference will again increase, repeating the cycle . If 
the stray capacitance of the lamp is suf'ficiently small, 
the discharge will be maintained for only a fraction of 
a nanosecond , generating a very short light flash . 
The energy stored in the stray capacitance is 
given by 
E = cv2 
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where C is the capacitance and Vis the voltage across it . 
This energy is dissipated in the filling gas of the lamp 
and is available for conversion to light . An increase in 
either C or V will increase the energy available , however 
C cannot be increased without also increasing the time 
required to discharge the capacitance. The time constant is 
given by 
T = RC 
where R is the resistance of the discharge path . 
The voltage Vis the breakdown voltage of the 
gas and so an increase in energy requires an increase in 
the breakdown voltage . The other approach is to suddenly 
apply a voltage much greater than the breakdown voltage 
across the two electrodes before a discharge has time to 
start . This development led to the first type of gas 



















L.P. LAMP FIRING CIRCUIT 
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The Triggered Lamp 
The usual configuration of the triggered system 
is with both lamp electrodes at a voltage which is much 
larger than the breakdown voltage of the gas . One of the 
electrodes is shorted to earth with a high voltage thyratron 
initiating the discharge . The thyratron is acting as a fast 
switch . 
Our trig£ ered lamp system is based on o ne 
originally described by Br ody40 and Malmberg,41 and later 
developed by Birks . 42 125 The mechanical details of the 
lamp are shown in Fig 2 . This type of lamp with demountable 
electrodes is the most convenient as the electrodes need 
maintenance and cleaning . The electrodes are approximately 
1 mm diameter nickel wire with a separation of about 0 . 5 mm . 
The nickel electrodes are joined to tungsten which i s 
sealed through the pyrex body of the lamp . The tungsten 
giv es a g ood gas seal in pyrex and the nickel provides 
malleability . The lamp is pe r manently connected to a simple 
vacuum line with a small mercury manometer ; it c an be filled 
with vari ous gases at pressures of about 5 cm of mercury . 
The thyratron circuit of the lamp is shown in 
Fig 3 . In operation the lamp electrodes and the anode of the 
thyratron , a CV 372 , charge up to the supply voltage through 
the 40 M..n resistor . When the thyratron is triggered from 
1·8 M t2K 12K 18 M 
300V 
OUTPUT 
0·002 0 002 JI I , I 
470K 
-15ov 
FIG. 4 MUL TIVIBRATOR CIRCUIT 
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the multiv ibrator , it fires, shorting the anode and the 
lamp electrode connected to it to earth . The lamp fires 
and the stray capacitance is allowed to discharge through 
the lamp . The discharge stops and the cycle starts again. 
The circuit of the multivibrator supplying the 
trigger signal to the thyratron is shown in Fig 4. It 
produces a square pulse of variable width, about 2rs and 
about 200 volts intensity at a repetition rate of 300 c/ s . 
The first valve , the 12AU7, is acting as a free running 
bistable multivibrator , producing a 300 c/s square wave . 
This signal is diff erentiated and used to trigger the first 
thyratron, a TL 884, generating the leading edge of the 
output signal . The second thyratron , a TL 2050, fires at 
a variable time after t he first , generating the trailing 
edge . A potentiometer controls the time between the firing 
of the TL 884 and the TL 2050 , and hence the width of the 
output pulse . 
Once the design of the electronic circuits has 
ensured that the current through the lamp stops quickly , 
attention must be turned to the filling gas . 
When the current in the discharg e is complete , a 
mixture of g as molecules, atoms, ions and electrons is left 
in the discharge path . These are in a hi ghly excited state 





















2 4 6 












1·8 cm Hg 
5 ·8cm Hg 
8 




s tates . The r ate of de - excitati on c an be enhanc ed by a n 
increase in the collision frequency - by inc reasing the 
p r essure ; an inc rease in pressure should cause a reducti on 
in the de c ay time of the emitted light . The effe c t of 
pressure in a lamp filled with air is shown in Fig 5. 
At low pressures , the de c ay time of the emission 
i s increased , and at pressures higher than about 7 cm of Hg , 
the decay time reaches a limiting value . This type of lamp 
cannot be used at a pressure much abov e 15 cm since it fires 
rather erratically, probably because the supply v oltage is 
approaching the breakdovn voltage . 
Fig 6 shows the effe ct of the supply v oltage on 
the intensity of the light flash . The intensity is the 
a r ea under the curve of light intensity versus time 
obtained with the recording technique described later . 
Since the emitted light e~ergy is proportional to v
2 
it is 
proportional to the electrical energy dissipated in the ga s , 
as expected . Since the molecules have more time to emit 
before a collision the light intensity at any supply 
v oltage is greater at lower pressures . The operating 
pressure must be a compromise between maximum intensity and 
minimum decay time . 'hen measuring a chemical system whose 
decay time is relatively long , a lower pressure can be used , 
provided that the decay time of the exciting flash is still 
GAS DECAY Til.'IE INTENSITY 
ns. (arb. units) 
Hydrogen 4 1 
Air 10 20 
Nitrogen 20 40 
Table 1. Characteristics of the triggered lamp emissions 
for various gases at 15 cm of Hg . 
small with respect t o the decay time of the sample 
fluorescence . 
The decay times obtained with different filling 
gases are shown in Table 1 . These times were obtained 
with the same conditions of pressure, supply voltage, and 
electrode gap . 
It can be seen f rom the table that the decay 
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time for hydroge n is much shorter than for the other gases, 
however a major disadvantage with its use is the laok of 
intensity , which is much lower than that obtained with the 
other gases . The choice of a filling gas again depends on 
the decay time required, with longer decay times acceptable 
for samples with long fluorescent decay times . 
It has been proposed that the short decay time 
for hydrogen is due primarily to the high mean energy 
transfer per collision between electrons and hydrogen 
molecules . 4 2 The mean energy transfer per collision for 
elastic collisions is inversely proportional to the mass of 
the molecules and so hydrogen will have an advantag e over 
the other gases . However the mechanism of the de - excitation 
of the gas is dependent on many other factors as well, 
includi ng the de cay time of electronically excited gas 
molecules not expe riencing a collision be f ore emission. 
1 6 
The maximum supply voltage which can be used is 
3 Kv . This limit is imposed by the maximum voltage at 
which the thyratron can be used . An increase in intensity , 
by increasing the supply voltage , can only be achieved by 
replacing the thyratron with one rated at a higher voltage . 
The change would also impose other problems as the trigger 
from the multivibrator would also need to be changed. The 
maximum voltag e practicable is about 8 Kv . 
The emission spectra of these lamps are continuous 
with a little superimposed line structure . 42 The decay 
time is independent of the wavelength of the light emitted . 
In summary, the triggered low pressure lamp 
provides a satisfactory source, whose major disadvantage is 
the lack of intensity . This problem cannot be overcome with 
development . We have not used this source for any of the 
work described later due to · this lack of intensity . The 
source, compared with the high pressure free running lamp 
described in the next section is much more complex 
electronically, with no assets provided by this complexity . 
This type of source has been used for excitation, and 
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The High Pressure Lamp 
This source represents the alternativ e approach 
to the problem of increasing the flash intensity . As 
pointed out earlier, the voltage supplied to the electrodes 
in the simple circuit of Fig 1 cannot be higher than the 
breakdown voltage of the gas . Since a high voltage is 
required for hi gh energy dissipation , one solution is to 
increase the breakdown voltage . 
If the gas pressure is increased to 20 atmospheres , 
the breakdown voltag e will be in the region of 20 Kv , 
depending on the electrode g eometry . Since the energy 
dissipated is given by 
E = cv2 
the light source will be 40 times as intense as a triggered 
lamp supplied with 3 Kv . 
The major design p roblem with this source is the 
construction of a lamp which can be filled t o 20 atmospheres 
pressure , will insulate 20 Kv, will have a low stray 
capacitance at the high voltage ele c trode and will transmit 
the UV ligh t generated . 
The construction of the lamp is shown in Fig 7. 
A: neoprene 'O' rings ; B : kovar tube; C : epoxy resin; 
D : tungsten electrodes; E : pyrex envelope; F : 1 megohm 
resistor ; G: silica window ; H: brass valve . A photograph 
of the lamp in a paTtially completed state is shown in 
Fig 8 . The body of the lamp (E) is pyrex, approximately 
1 mm thick, with tungsten electrodes (D) sealed into it . 
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A silica window is required for transmission of the ultra -
violet light g enerated . Silica can no t be used for the 
whole body since it is impossible to form a silica to 
tungsten seal which is gas tight and short . Silica has a 
very low coeffi cient of thermal expansion which is not 
approached by any pure metal or by pyrex . Molybdenum seals 
have b ee n used in silica, however they need to be about 2 cm 
long to be eff ective at a pressure of 20 atmospheres . 
The normal method of joining silica to pyrex is 
with a graded seal in which several glasses of varying 
coeff icients of thermal exp a n sion are interposed between the 
silica and the pyrex . These seals are not very strong and 
so a novel approach is used ·to attach the window . A pyrex 
retaining cap with a lip and a diameter slightly larger 
than that of the body of the lamp is glued over the end of 
the lamp with epoxy resin . Since the joint under stress 
between the body and the retaining cap is a sliding one, it 
has ample streng th to retain the window . 
The body of the lamp (E) is joined to a kovar tube 
(B) which is s i lver soldered into the brass body of the 
valve (H) . Th e valve is of simple construction; the 
1 9 
concentric form reduces the overall size to take advantage 
of the potentially small size of the lamp. 
The original fo r m of the lamp was without :the 
covering of epoxy resin (C). This form was not strong 
enough and the lamps exploded after a few hours under 
pressure. The r e sin is applied while the lamp is rotated 
around its long axis, and is heat cured. This type of lamp 
is very strong and some have been fi l led at 50 atmospheres 
without exploding. The resin retains the glass particles 
if the lamp cracks under pressure, making it much safer to 
use. 
A 1 megohm resistor (F) i s soldered directly to 
the high voltage electrode (D) to k e e p the stray capacitance 
of this electrode low. Any wiring after this resistor will 
not contribute to the capacitance of the high voltag e 
electrode. The resistor is ·soldered to the electrode after 
the electrode has b een copper and silver plated. In later 
versions of the lamp, the resistor is s p ot welded to the 
electrode . This electrode is kept as short as possible, a 
few mm, to keep the capacitance low . 
The lamp is filled with gas by a t taching the nut 
at the end of the valve directly to a high pressure, gas 
regulator. 
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A 60 megohm resistor is connected between the high 
voltage electrode of the lamp and the high voltage power 
supply, a Peschel H50. The original version of the 
resistor was made from a series of 1 watt metal film resist -
ors . These were assembled in sets of four inside cylinders 
of perspex, for insulation. Erosion of the resistive 
element under the lead caps of the individual resistors made 
this construction unsuitable . The present resistor is a 
Victoreem high voltage resistor . It is enclosed in a simple 
perspex box; the resistive element is quite soft and cannot 
tolerate abrasion. 
The lamp electrodes in an unused lamp are shown in 
Fig 10. This photo was taken with the flash lamp valve 
removed; the lamp was standing on a small torch . The 
electrodes were photographed through the silica window . 
The spectrum of the emission of a lamp filled with 
air is shown in Fig 9 . A Hilge r Quartz Littrow spectrograph 
with a 50r slit and Kodak P900 plates was used. 
The time characteristics of the emission are shown 
in Fig 11 . The shape of the decay curve is not greatly 
affected by the gas pressure . The decay time of the 
emission is about 5 ns; this figure varies slightly from 
lamp to lamp . If a shorter decay time is required, 
hydrogen can be used as the filling gas . The decay time is 
21 
then ab out 2 ns , however there is a substantial drop in 
intensity , and for our use , the air lamp is quite satisfactory. 
The intensity of the lamp emission is very stable 
afte r the lamp has been used for about 1 hour . The initial 
drop is due to the erosion of the pointed electrode , as can 
be seen from successive photos of the electrodes . For this 
reason it is not sensible to grind this electrode accurately 
during the manufacture of the lamp . 
In the instrument , the lamp is housed in a simple 
perspex box whose sole purpose is to ensure that the light 
which reaches the sample passes through the filters . These 
filters will be discussed later . 
The intensity of this type of lamp seems to be close 
t o the ultimate level . A further increase in gas pressure 
would force a change to an all metal lamp with a silica 
window . The lamp electrodes would need to be coaxial with the 
body to prevent the stray capacitance of the high voltage 
electrode from increasing the decay time . The lamp would 
then be electrically similar to a coaxial cable . 
An increase in the efficiency of the conversion of 
the electrical energy to light \'/ould be advantageous; there 
is no indication that this is practical at present . 
22 
Reduction of the decay time of the flash seems 
t o be at the ultimate level when solid electrodes are 
used . Recent work has indicated64 that mercury wetted 
ele c trodes are essential for decay times less than 1 ns . 
The mercury forms a very sharp electrode under the 
influence of the high potentials present before the lamp 
discharge starts . A sharp solid electrode would not last 
long enough for the lamp to be useful, whereas the mercury 
electrode has an almost unlimited life . 
Several versions of this basic type of lamp have 
64- 66 been described. 
In summary, the performance of this source is 
very satisfactory . A simple calculation shows that the 
electrical power dissipated each time the lamp fires is of 
the order of 106 watts . A chopper would need to chop a 
6 
continuous source with a DC power of 10 watts to produce 
the same flash intensity; a completely impractical approach . 
The only possible alternative to this source is a Q 
switched laser - it is not practical at present . 
23 
2 THE FILTERS 
When a sample which is capable of fluorescence is 
excited with an intense short pulse of lig ht , a pulse of 
f luorescent light will be emitted. If the sample is a 
dilute solution, a substantial amount of the exciting ligh t 
will pass through it to the detect or. The light from the 
sample will include a large amount of exciting light ; it 
will be di f ficult t o examine the fluorescence. 
This problem can be overcome by exciting the sample 
at one wavelength and examining the fluorescence at another . 
There are several obvi ous restrictions; the observation wave -
length must be one at which the sample fluores ces; the 
excitation wavelength must correspond to an absorption band 
of the sample. In practice a band of wavele ngths is used 
in each case t o increase the absorbed and radiated energies . 
All solution used as filters are contained in cells 
with silica windows. The filters between the flash lamp and 
the sample are mounted in the perspex box which houses the 
lamp . They are designed to ensure that any light which falls 
on the sample goes through the filters . The filter s between 
the sample and the photomultiplier are mounted in brass 
holders which are attached to the wall of the instrument 




The filters are tested by using the instrument in 
the normal way, but with the sample omitted. If any signal 
is detected on the CRO screen, flash lamp light is reaching 
the multiplier . Some problems were encountered due to 
slight transmission of the filter systems in the region of 
700 mr . Since the transmission was only 0.1% and since the 
response of the photomultiplier in this region is very low, 
this seemed unlikely. However the photomultiplier can have 
a gain of 109 , suff icient to overcome these restrictions. A 
dilute solution of CuC1 2 absorbs in the region of 700 mf'• 
The filters used for the study of pyrene excimer 
fluorescence are: -
1. Between the sample and the lamp, 2 cm of a solution 
of 240 g/1, Ni S04 . 6tt2o and 45 g/1, Coso4. 7H20 with 
a Chance glass OX7 . 
are :-
2. Between the sample and the detector, a Chance 
glass OV1 and an ON16 . 
The fi lters used f or pyrene monomer fluorescence 
1. Between the sample and the lamp, a Scho t t glass UG11 . 
2. Between the sample and the detector , 1 cm of a 1.5 M 
solution of CuC1 2 • 
The filters used f or the excimer fluorescence of 
naphthalene are :-
1. Between the sample and the lamp , 2 cm of C1 2 gas at 
.,•\ ' 
1 atmos. pressure , 2 cm of a soluti on of 
240 g/1 NiS0 4 . 6H2o , 45 g/1 Coso4 . 7H20 and 0 .1 g/ 1 
2 , 7 dimethyl - 3 , 6 diazacyclohepta- 1 , 6 diene 
perchlorate . _./ 
2. Between the sample and the detector , a Schott 
glass UG2 , and 1 cm of a 0 . 5 g/1 solution of 
potassium hydrogen phthalate . 
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In some circumstances , the CuC1 2 solution and the 
potas sium hydrogen phthalate solution were diluted to allow 
some lamp flash through the filter system. This technique 




The requirement for a detection system is quite 
simple ; to convert accurately a light pulse into an 
electrical signal which has the same relationships of time 
to intensity . Ideally the system should not add any noise 
to the electrical pulse . 
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The only practical devices which can respond to the 
fast changes in light intensity are the photomultiplier and 
the image converter . In recent years , several manuf'acturers 
have developed photomultipliers which have rise times of 
about 2 ns when excited with a light flash whose rise time is 
much shorter . The s e include the Philips 56AVP and the Aullard 
6810 A. These multipliers have been extensively tested and 
circuits have been developed to take f'ull advantage of their 
intrinsically fast risetimes . This is the detection system 
we are using, it will be discussed in detail in the next 
section. 
When the photocathode of a photomultiplier is 
excited by a light pulse, electrons are given off f rom it . 
If the pulse is very narrow , the time between the fi rst and 
the last electron reaching the fi rst dynode is called the 
transit time spread . This is the factor which limits the 
risetime of a photomultiplier which is used in the 
continuous mode . In this mode , the voltages supplied t o 
the dynodes of the multiplier are constant . 
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The effect of transit time spread is removed if 
the v oltages are pulsed . A multiplier will produce an 
electrical signal in the anode load only while voltages are 
supplied t o its dynodes . If these voltage s can be turned 
on for a very short time , the i n tensity of the light pulse 
which is falling on the cathode will be measured during 
this time only . 
An instrument using this type of detection has 
been described by Bennett . 69 Short lengths of coaxial 
cable were connected between successive dynodes , and a 
voltag e pulse , with a fast rise time , was sent down the 
cable . A multiplier will amplify only when a dynode has a 
more positiv e voltag e on it than is on the preceding dynode . 
The performance of this detection system is comparable with 
that of a continuous photomultiplier , although the pulsed 
system has greater potential . The critical factor is the 
risetime of the voltag e pulse ; it determines the time during 
which the multiplier is turned on. Since the system 
requires complex electronics , in its present state of 
devel opment it represents no advance on the co ntinuous 
system . 
The time required to initiate the fast rising 
pulse requires that it be started before the lamp is fi red . 
··'.' 
Thus the detection system is practical only with the 
triggered lamp , ruling out its use in our instrument . 
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The one remaining photomultiplier techni~ue is 
that of " single photon" counting . Two photomultipliers are 
used , one looki ng directly at the flash lamp and the other 
at the fluorescence of the sample . The f irst multiplier 
provides a time reference . The aperture of the second is 
stopped down until the probability that more than one 
photoelectron will be ejected from the cathode at any time 
is negligible . The instrument measures the time between 
receiving the reference pulse and receiving the first 
single photoelectron pulse from the second multiplier . 
This measurement is made over many lamp flashes . These 
times are used by a multichannel analyser to produce a 
curve of probability of receiving a single photon pulse 
versus time . The prime advantage of this techni~ue is that 
the number of photoelectrons produced by each light pulse 
can be very small ; the method is not limited to relatively 
intense light pulses . 
Several authors have described instruments based 
on this method . 70- 7 8 The theory of the method is discussed 
by Birks . 24 
The imag e converter shows considerable promise as 
a detector . The light pulse falls on a photocathode , 
.. , .. ,' 
generating a pulse of photoelectrons which is focussed 
into a beam. The intensity distribution along the beam 
is ideally the same as that in the light pulse . The beam 
is accelerated towards a phosphor at the other end of the 
image converter . The beam can be deflected across an 
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exit slit in front of the phosphor by a pair of deflection 
plates similar to those in a cathode ray tube . In normal 
use , the electron beam falls on the phosphor for a time 
which is very short when compared with the width of the 
light pulse . A high gain photomultiplier is used to 
measure the intensity of the light from the phosphor . Since 
the time resolution is governed by the image converter , the 
rise time of this photomultiplier is not important . 
The electron beam is swept across the exit slit 
by a driving voltage varying at the rate of 100 volts/ns . 
This sweep voltage is initiated by a trigger from a photo-
multiplier looking directly at the flash lamp . The time 
between reception of this pulse and initiati on of the sweep 
v oltage is controlled by a delay line consisting of lengths 
of coaxial cable ; when the intensity has been measured at 
one point on the intensity- time curve , the delay is increased 
manually and the intensity is measured at the next point . 
The time resolution of the device is superior to 
the continuous photomultiplier , a typical figure is 0 . 1 ns . 65 
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The limit to resolution is the time during which the 
electron beam is falling on the phosphor . The image 
converter does not amplify the electron beam with a dynode 
chain as does the photomultiplier . The image converter is 
thus much more influenced by noise generated in the device . 
Some difficulty has also been experienced with false signals 
due to beam retrace, although these can usually be overcome 
by the addition of a cutoff grid . 65 
This detector has b e en used by several authors . 79-82 
The primary disadvantage with this device is that it is not 
continuous; the operator must manually vary the length of 
the delay line , usually by plugging in various lengths of 
cable . If full advantage were to be taken of a computer on 
line to the device , some type of continuously variable delay 
line would need to be incorporated . This need not be an 
insurmountable problem. 
System Description 
The continuous pnotomultiplier was chosen as a 
detector primarily because of its simplicity when compared 
with the alternative systems . The electronics are 
uncomplicated, although the mechanical construction is a 
11 ttle critical. 
A photomultiplier consists of a photocathode and 
several dynodes , the 56 AVP has 14. When light falls on the 
.. ... . 
cathode, photoelectrons are emitted and are accelerated 
t owards the first dynode . Electron multiplication takes 
place at this dynode, and these secondary electrons are 
accelerated towards the next dynode; each dynode has a 
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more positive potential than the preceding one . The 
multiplication of electrons cont inues as the signal travels 
down the dynode chai n . A multiplier like the 56AVP has a 
maximum gain of about 109 • Amplification takes place with 
very little distortion , the only major source of noise is 
the dark current . 
The first circuit used for the 56AVP was that 
provided by the manufacturers . It was quite sa ti sfactory 
when the supply voltage was close to 3Kv . This voltage 
is the maximum advised by the manufacturer . However , if 
the multiplier can be u sed with a varyi ng supply voltage , 
it provides a very useful continuous gain control . The gain 
is proportional to the supply voltage . The circuit was not 
satisfactory at low supply voltages si nce no provision was 
made for altering the ratio of the dynode voltag es . 
The second circuit used is due to Hyman and Swartz .
83 
This circuit allows independent adjustment of the voltages 
supplied to the focus and deflection electrodes , as does the 
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s upplied to the dynodes can also be altered. The circuit 
is shown in Fig 12 . 
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The major technical problem in the construction of 
the photomultiplier base is ringing of the anode signal . 
Any electronic circuit has stray capacitance and inductance 
ass ociated with it . These LC circuits will resonate at 
particular frequencies . In a low frequency circuit , the 
resonant frequencies are much lower than any frequency 
component in the signal and so ri ngi ng is not a problem; 
ringing will occur on ly when the signal has components at 
the resonant frequency . Our anode signal has components 
with frequencies much higher than 1000 · c/s; almost any 
piece of wire has enough inductance to resonate at these 
frequencies . The solution is to keep the wires as thick 
and short as possible . 
The base was constructed with a 1 mm thick copper 
disk supported 2 cm f rom the pins o f the photomultiplier 
socket . The dynode capacitors were soldered directly to 
this disk with short leads - the disk acts as a ground plane . 
All other leads were kept short . The potentiometers all 
have high voltag es on them , so they could not be bolted to the 
case in the normal way . They were mounted on a perspex disk 
behind the ground plane . The shafts were extended 
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nylex tubing . The whole base was surr ounded by a metal 
can 3'' in diameter with a detachable metal bac k . The signal 
c able from the anode was soldered as close as possible to 
the anode pin on the socket . Full shielding details are 
discussed in another section . 
Ringing can best be detected by increasing the 
dark c urrent of the photomultiplier ; the CRO is then used to 
observ e the instrumental response to the indiv idual photo-
elec trons which make up the dark cur r ent . This signal is 
the narrowest which c an be generated by the photomultiplier ; 
it is impossible to observe less than one photoelectron at 
a time . The response curve is shown in Fig 13 . 
The dark current of the 56AVP was increased by 
allowing v ery weak continuous light to fall on the photocathode . 
A 1. 5 volt torch bulb was used at 0 . 5 volts , with a 0 . 01 % 
t r ansmissi on neutral density filter between it and the cathode . 
The neutral density filter consisted of multiple sheets of 
fine stainless steel mesh . 
The residual ringing is due primarily to the 
inductance o~ the pin on the photomultiplier and of the 
c or r esponding socket pin. A solution is to directly cormec t 
the anode coaxial cable t o the anode lead at the glass 
envelope of the multiplier , cutting off the pin and dis c ard ing 
the socket pin. 
83 This method has been used successfully . 
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In our case, the ringing has no effect on the measurements 
as most of the signals have a much higher decay time than 
the instrumental response. When the instrument is observing 
the lamp flash directly , the ringing can just be detected . 
As the photomultiplier has a gain of 109, any 
continuous light falling on the photocathode will produce a 
very large sig nal at the a n ode . Since the housing for the 
photomultiplier must be made relatively ligh t tight , little 
extra work is required to make it comp letely light tight . 
The dark current will be thus kept as low as is possible 
without cooling the photocathode . The pho t omultiplier is 
contained in a 2t 11 brass tube , which is bolted to the 
instrument enclosure . The base can is bolted to the end of 
this tube . A ring of i" sponge rubber between the bakelite 
end of the multiplier and the brass tube prevents any light 
which enters from the rear of the multiplier from reaching 
the cathode. A small shutter is placed across the i 11 hole 
between the multiplier housing and the main instrument box , 
preventing room light from falling on the cathode when the 
sample is bei ng changed . 
The fi nal dark current is about 5 f A, at 3Kv . A 
simple c alculation usi ng a photomultiplier gain of 109 shows 
that the dark current corresponds to about 104 photoelectrons 
per second at the ca t hode . The averag e time between the 
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photoelectrons will be 100 fs, so the chance of one of them 
arriving in the 100 ns "time window" being observed is very 
small. Thus the dark current can be ignored in the design of 
this instrument . 
The anode load for the photomultiplier is the 50 ohms 
input impedance of the sampling oscilloscope. 
The risetime of the instrumental response curve 
shown in Fig 13, is 1 . 5 ns, a little better than specified 
by the manufacturer . This figure will be influenced by the 
base circuit . 
4 THE INSTRUMENTAL ENCLOSURE 
' When the high voltage lamp fires, a substantial 
amount of radio frequency energy is generated. The amount 
of RF energy emitted by a gas discharge is proportional to 
the current through it. A simple calculation, assuming a 
breakdown voltage of 20 Kv, and a discharge resistance of 
100 ohms, 64 shows that the initial current can be as high 
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as 200 amps. The RF power absorbed by the detector and the 
display system is enough to dominate the signal; RF ahielding 
around the lamp is necessary . 
The principle of RF shielding of frequencies 
greater than about 0.1 Mc/sis very simple. If the source is 
completely surrounded by a conducti ng surface , the shielding 
will be complete; no RF energy will escape . At these 
frequencies , the RF signal is not conducted f rom the inner to 
the outer surf ace, because of the skin e ffect . Holes in the 
conducting surface with a diameter less than about 1a% of the 
minimum wavelength will result in negligible leakage . 
Figures 14 and 15 illustrate the correct and in-
correct methods of connecting one of these conducting surfaces 
t o coaxial cable. In the i n correct method , the electrical 
shield of the cable passes through the hole in the box and its 
outer surface is in contact with the inner surface of the box . 
Any current flowing in the inner surface of the box will be 
Fig 16 The Instrument 
conducted to the outer surface of the coaxial cable shield 
and will be radiated. In the other method, the inner 
surface of the shield is connected to the inner surface of 
the box. An RF signal inside the box cannot be conducted 
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to the outer surface of the cable shield. Obviously any 
wire from inside the box will radiate RF energy if it is not 
shielded. 
The instrumental enclosure is shown in Fig 1 6 . 
High voltage for the lamp is supplied by a Peschel H50 high 
voltage power supply. A length of RG 8/U coaxial cable is 
connected to the instrument enclosure with a Cannon 50 Kv 
coaxial connector, carrying the high voltage to the lamp . 
With this arrangement , RF radiation from the lamp is kept at 
a reasonable level. The residual radiation could be removed 
by decoupling the mains supply leads of the power supply . 
At the moment these conduct a small amount of radiation from 
the enclosure . 
If the photomultiplier circuit is operated without 
RF shielding , the residual RF radiation is a problem . 
Shielding of the base is very effective and is much easier 
than decoupling the power supply leads . The 3Kv supply f or 
the photomultiplier base comes fr om a BWD power supply, 
through coaxial cable. The signal from the base to the 
sampling CRO goes via an RG 8/AU cable . 
Various gas inlets and leads for thermistors are let 
into the enclosure through light tight fittings. 
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5 DISPLAY 
Once the light pulse has been converted into an 
e lectrical signal, some device must convert it into a f orm 
intellig ible by the operator ; a visual or digital display. 
Any amplifier or oscilloscope which manipulates 
t he electrical signal is restricted by the gain bandwidth 
limitation. I n simple terms this means that the p roduct of 
the gain and the bandwidth canno t be g reater than a fixed 
limit . Once this limit has been reached , an increase in 
the g ain must be offset by a reduc t ion in the bandwidth . 
Since the electrical signal has a rise time of 2 ns , the 
bandwidth must be very large , so the g a in of the amplifier 
must be smal l . A substantial amount of gain is r equired , 
however f or a dis p lay . 
There are many technical problems in the display of 
a high frequenc y signal which has a low repeti tion rate . 
One system which c ircumv ents all these limitation is a 
sampling oscilloscope . 
A conventional oscilloscope sweep s the elec tron 
beam across the screen of the cathode ray tube at a fixe d 
rate . I ndepe nde ntly , the signal which is being displayed is 
amp lified and is used to deflect the beam vertically . If a 
r epe titive s e ries of shor t puls e s is used as an i nput signal , 
each time one of them reaches the osci llo scope the electron 
beam will start to mov e horizontally across the screen. 
Once the beam has reached the r i ght hand side of the screen. 





Fig. 17 Sampling Operation 
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the , CRO waits until another pulse is received before again 
i?itiating deflection o f the beam. Each pulse produces a 
complete display; the intensity-time curve of each one can be 
s een. 
The operati on of a sampling CRO can be seen from 
Fig 17. The intensity of the first pulse is measured only 
at one instant. The intensity of the second pulse is measured 
slightly later, the sampling point being moved further 'along 
the waveform as the CRO received additional pulses . A single 
display on the CRO screen is actually generated from many 
input pulses . The beam is moved across the screen only 
between the dots which make up the display; the driving 
wave form is shown in Fig 18. The number of sampling points 
in each display is variable, usually in the range 50 - 1000. 
The electronic techniques used in the sampling are 
too complex to discuss here. It' is sufficient to say that a 
diode gate is used to sample the input wave form . The output 
from the diode gate is a pulse whose height is proportional to 
the intensity of the input pulse at the sampled point . Since 
the height is the only important parameter , the bandwidth of 
the amplifier is not critical . 
Our sampling oscilloscope is a Techtronix 541, with 
a 181 sampling amplifier plug-in . 
I 11' ,.0 1-r ). c~) 
Fig . l9 Trigger Signal 
V 
II II 11111 II II~ 
T 
Fig . 20 Differentiated Horizontal WavefoTID. 

















RECORDER AVE RAGER OSCILLOSCOPE 
I SWEEP LOCK ),a I I SWEEP LOCK >- I 
Fig. 21 The RAT Averager 
~ 0 
; 1 ' ' MAINS : I 












































For stable operation the sampling CRO needs a 
;~i.gnal which has a fixed time relationship to the waveform 
?eing displayed. This trigger signal can be obtained by 
the, CRO from the signal being displayed if the signal is 
relatively free from noise. However, as discussed in the 
next section , the displayed signal is often very noisy , 
making internal triggering impractical. The RF radiation 
generated when the lamp fi res makes an ideal source of· a 
trigger signal. 
The radiation is picked up by a small tuned 
circuit which consists of a 2 cm. piece of hook- up wire 
soldered between the inner conductor of a GR panel feed-
through and the wall of the instrument enclosure . The 
earth return from the flash lamp is soldered to the wall 
nearby . The signal is conducted from the feed-through to 
the CRO with RG 8/AU coaxial cable, and is a t tenuated 200:1 
by GR coaxial attenuaters. The geometry of this tuned 
circuit is adjusted until a good trigger signal is obtained. 
The criteria for a good trigger signal are a fast 
risetime and a signal which decays after the first pulse . 
Such a signal is shown in Fig 19. Using this trigge ring 
method , there is no detectable time jitter in the display of 
a noise free pulse . 
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6 AVERAGING 
Using a sampling CRO and a fast photomultiplier, 
we now have a system which converts the fluorescent light 
pulse from the sample into an electrical signal, and then 
into a visual display . 
When the instrument is used to examine the 
fluorescence of a sample the display on the CRO screen is 
often very noisy, the intensity of the noise can be many 
times the intensity of the signal. If a shutter is placed 
in front of the photomultiplier without changing any of the 
other operating parameters, the baseline is virtually noise 
free . Thus the light signal is noisy , the low signal to 
noise ratio is not due to electronic effects . 
The light pulses under these conditions usually 
contain only a few photons . A statistical variation of one 
or two photons between successive flashes will give a very 
noisy signal on the CRO screen. 
There are only two methods of increasing the signal 
to noise ratio, increasing the light intensity, or averaging 
the electronic signal . The principle of the averaging 
process can be s e en from the following example . 
We are measuring the intensity of a train of 
pulses , all of which have the same nominal height . Actually 
there is a large statistical variation in the hei ght . If we 
only measure the height of a few successive pulses , the 
calculated mean will have a larg e variance; the calculated 
mean will bear little resemblance to the 'correct ' mean. 
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If we average over several hundred pulses, the mean will have 
a much lower variance . 
The same argument can be applied to the signal from 
the photomultiplier , provided that the noise is random . If 
the signal is averaged over many lamp fla shes , a large 
increase in the signal to noise ratio will be obtained . 
The first method of averaging uses the CRO in the 
external sweep mode . I n this mode, the movement of the 
sampli ng point along the input waveform is under the control 
of a voltage supplied f rom outside the CRO. When this 
vo ltage is constant, the sampling point is stationary and 
the intensity is measured at a fixe d point on the waveform. 
I f the ex ternal sweep voltage is slowly increased, the 
sampli ng point will mov e slowly along the display and the 
signal which drives the electron beam vertically can be 
smoothed with a resistance capacitance (RC) circuit . The 
deg ree of smoothing is controlled by the time constant of 
the RC circuit . The rate of change of the sweep voltage is 
kept low enough so that no distortion of the displayed sig nal 
is introduced . 
( J 
! I 
The block diagram of the instrument when this 
averaging method is used is shown in Fig 21 . 
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The circuit generating the external sweep voltage 
is shown in Fig 22 . A potentiometer with 50 volts across 
the resistive element is connected to the shaft driving the 
chart of a Varian G10 recorder . As the shaft rotates, a 
voltage varyi ng from 0-50 volts is obtained f rom the wiper 
of the potentiometer . This voltage is buffered from the 
sampling CRO by a simple cathode follower which matches the 
impedance of the two circuits . The driving voltage is thus 
permanently locked to the cha~t on which the output display 
is drawn, and there is no need for chart markers . 
The recorder has two chart speeds, 15 and 1 . 5 
inches/min, although only the slow speed is used when 
recording. The potentiometer is continuous, a Beckmann 
helipot of 30 Kohms impedance , and is driven through a 5 : 2 
ratio gearbox . One turn of the potentiometer corresponds to 
1 0 inches of chart, so that one major division on the chart 
represents one division on the CRO screen. 
With the circuit shown in Fig 23, the RC smoothing 
can not be increased beyond the point where it distorts the 
curv e . Distortion is readily determined by reversing the 
phase of the voltage applied to the potentiometer . The curve 
will be displayed in the opposite direction. If the recorded 
peak shape is unchanged , no distortion has been introduced by 
the RC circuit . 
This averaging system is very effective. An 
unsmoothed display with a signal to noise ratio of about 
44 
0.3 gives a final s/n ratio of about 20 . The system however 
has a number of defects. The method assumes that the average 
height of the light pulse does not drift continuously in one 
direction while the curve is being recorded. In fact , the 
intensity of the flash lamp drops slowly as it ages, although 
normally this does not cause any error. A new lamp does 
however need to be a ged a few hours before it is used , 
If the curve is noisy, heavy smoothing is required. 
It is di f ficult to use this type of servo recorder with a 
large amount of capacitance across the input terminals . The 
dead zone of the recorder is accentuated resulting in a curve 
showing small steps . This effect does not however affect the 
results . 
In summary , this is a very effective and practical 
method of displaying the time characteristics of the 
fluorescent light signals . This method is called the recorder 
averaging technique (RAT ). 
The second method of averaging is not purely 
electronic . The CRO is used in the normal free run mode, and 
displays the wave f orm using 100 sampling points . If the 
height of each of these points on the screen is average d over 
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many complete displays, smoothing the signal will result. 
It is very difficult to design an electronic circuit to do 
this. A computer is used to average the signals 
mathematically. This is called the computer averaging 
technique (CAT) . 
The block diagram of the instrument when this 
averaging me thod is used is shown in Fig 24. 
The Interface 
When the CRO is used with the computer, it is 
operating in the triggered mode . In this mode, each time 
the lamp fires , one point on the display is generated . 
Normally there are 100 points in each display , and when the 
last point is displayed, the CRO starts a gain at the first 
point . 
The primary signal to the computer is the vertical 
output signal from the 1Sl sampling amplifier , carrying the 
intensity information. The computer cannot readily 
determine the beginning of a new display from this waveform. 
It is not suff icient to count the number of points,assuming 
that a new display has started after 100 points . The dot 
density can not be set accurately , although it is very stable . 
The problem is solved by giving the computer a pulse at a 
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The computer should measure the voltage at the 
input of the primary signal only when the electron beam 
is stationary. When the beam is being deflected from one 
point on the display to the next , the voltage at the 
primary input is changing rapidly, and has n o significance . 
Since the time between individual lamp flashes is rather 
variable, the time the beam is stationary at a particular 
point is variable. The interface provides a signal informing 
the computer when to sample the primary, input signal. 
The circuit of the interface is shown in Fig 32 . 
The horizontal, output wave~orm from the 1Sl, used by the 
interface is shown in Fig 18. This is the signal which 
drives the CRO electron beam across the screen. The small 
steps move the beam between individual points on the display 
and the large vertical deflection returns it to the left 
hand side of the screen. 
When this signal is differentiated with a simple 
RC circuit, the waveform is a series of peaks , each 
corresponding to a vertical transiti on in the horizontal, 
output waveform. The waveform is shown in Fig 20. The two 
types of peaks, due to the movement between dots and due to 
the retrace, are separated and supplied to differe nt 
amplifiers. These amplifiers also serve to convert 




~ulse convention is required by the computer. 
The primary signal is amplified with an 
integrated circuit with a gain of 10. The signal goe s from 
a maximum at - 10 volts to ground . 
The Computer 
The computer is a Digital Equipment PDP8S, with 
an 1 38E analogue to digital converter (ADC) and a teletype. 
The computer has 4K of core storage in 12 bit wordsf and 
has an input-output interrupt bus. When the bus is shorted 
to earth, the computer completes the current instruction 
and takes the next one from a specific storage location. 
This facility can be turned on or off under program control. 
The two trigger signals from the interface are connected to 
W501 Schmidt trigge r boards in the computer. 
The sequence of operations in a normal averaging 
run is as follows. Three signals are arriving from the 
interface, the intensity signal and two triggers. The 
program is started and the computer waits for a retrace 
signal. When this has been received, it waits for a sample 
pulse. On receipt of this pulse , t he computer instructs 
the ADC to measure the intensity at the signal input and 
stores the result. The computer checks for a retrace signal 
and if one has not arrived repeats the sample cycle, storing 
the data sequentially until one does. 
When the second retrace signal is received, one 
display has been stored. The computer starts another 
series of sample cycles, adding the measured intensity to 
the ones already stored. The process continues until 
enough scans have been received. 
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The ADC converts the input analogue signal into 
a 7 bit digital number. This is a binary number; ea~h bit 
can have the value O or 1. For example the number might 
be 1 110 110. A signal of maximum intensity at the ADC 
will produce 1 111 111. Since the computer can store a 12 
bit number, this will be stored as 000 001 111 111. If 32 
o f the number 1 111 111 are added together, the answer is 
111 111 100 000. The addition of another 1 111 111 gives 
1 000 001 011 111 . However , the computer can store only 12 
of the 13 bits, so the number will be stored as 000 001 011 
111. Thus 32 scans can be stored in the memory before 
e rrors occur because the computer cannot store all the bits 
in the answer . 
After 32 scans , the computer ignores the input 
signals for one scan while it sorts the data. The stored 
numbers are divided by 32 and stored in a separate set of 
storage locations . This method allows for rapid treatment 
of sample pulses and since there is only 1 ms (10-3 sec) 
between them, speed is necessary . 
The other method is to allocate two storage 
words in the memory for each number. The computer is 
using double precision. More time is required for this 
method and so it is used to store the running total of 
the numbers which have been divided by 32. A very fast 
method is not required here. 
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With the present program, the computer can store 
323 ' 33 ,000 scans before overflowing the memory. This 
number can be readily increased. 
The program in its present form has 3 display 
facilities. These use a Tektronix 645.A/2A63 storage 
oscilloscope which is permanently connected to the computer 
and a Solartron CD 1015 oscilloscope in the same room as 
the sampling CRO. The computer is at the other end of the 
building from the sampling CRO. These oscilloscopes 
display the same information. 
Before an averaging run, the computer will display 
the input signal in the same form as it is received by the 
interface, from ·the sampling CRO. This facility can be used 
at any time by overriding the averaging section of the 
program, and can be used to check the condition of the 
signal from the instrument . 
During an averaging run, the computer will display 
the stored data, showing the degree of averaging which has 
f l 1 
been achieved . This display takes place every time the 
I L 
program enters the sorting routine , a ft er 32 scans . The 
t 
option can be overr i dden - it slows the averaging process 
down slightly. 
When the averaging run has been completed , the 
computer will d isplay the final averag ed curve . Thi s 
fac ility is used to examine the averag ed curves be f ore the 
final output phase . 
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Duri ng the operation of the program, the computer 
also displays two markers on the CRO scre en. These indicate 
the progress of the averag ing process . This display i s 
particularly valuable at the sampling CRO as the chemical 
sample can be changed as soon as the computer has finished 
averag ing . 
The prog ram normally stops averaging when a 
specified number of scans have been received. This number 
is entered before the process is started . However at any 
time , the cycle can be stopped manually by the operator . 
The process can also be restarted manually . 
The program prints the smoothed waveform on the 
teletype on command from the operator . The output is a 
scaled form of the numbe rs stored in the memory . In a ddition, 
the numbe r of samples and the number of scans is printed. 
r , 
The p-rogram wil l automa t ically dupli cate the 
orig inal averaging run a speci fied number of times . The 
process from the start o f the fi rst r un , to the final 
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output of the average d runs can be run automatically, without 
i n tervention by the operator . 
Most of the corrunands to the computer are entered 
through the switch regi ster. This allows the teletype t o 
be turned off f or most of the time prev enting excessive wear. 
The CAT averager is a very practical system. Noise 
reduc ti on i s very rapid - the signal to noise ratio is 
proportional to the s quare root of the number of scans . 
Since the lamp fires at approximately 1 Kc/s, and there are 
100 samples per display , the scan repetition r ate is 10 per 
second . Thus an improvement in the signal to noise ratio of 
100:1, which requires 10,000 scans only takes 15 minutes. 
Thus a signal with a noise lev el ten times that of the signal, 
s/n of 0.1, will be converted t o a signal with a noise level 
a tenth of the signal level, s/n of 10, in 15 minutes . An 
improvement in the s/n of 10:1 takes on l y 10 s econds . 
A listing of the program is giv en in Appendix 1 . 
In summary, the instrument was originally built 
with a low pressure flash l amp . This source did not have 
enough intensity to be practical . The high pressure source 
was desi gned and constructed . This source meets all require -
ments and is close to the ultimate in performance . 
' .. 
The RAT averager was constructed first - it too 
suffered from some permanent defects . The CAT averager 
removed these and brought with it many special features 
which facilitate the use of the instrument as a whole. The 




All soluti ons were contained in a 'Spectrosil' 
fused silica cell with a 0 . 5 cm path length. The lamp, 
filters , sample and dete ctor were all mounted in a straight 
line . This method increases the intensity of fluorescent 
light at the detector . Since there is no overlap of the 
monomer or excimer fluorescence bands with the absorption 
band , self absorption is not a problem. If naphthalene 
monomer fluorescence is observed, it should be in reflection. 
All solutions were deoxyg enated by bubbling oxygen 
fr e e nitrogen through them. The nitrogen was saturated 
with solvent first , so that the concentration of the 
solution was not altered . 
The solid aromatic hydrocarbons were zone refined. 
The liquids were redistilled . polvents were purified with 
13X molecular sieve . This sieve has holes which are large 
enough to allow the entry of molecules of the size of 
benzene . The solvents were purified until their absorption 
spectra showed no presence of aromatic molecules . In most 
cases , the puri ty was much better than that obtained with 
' spectroscopic ' solvents . 
All solutions were used at 26°c unless otherwise 
stated. This temperature was maintai ned by a ' Thermistemp ' 
thermistor regulator, with a 100 watt lamp as load . Room 
temperature was usually slightly below 26°c so regulation 
was very good . 
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The low temperature cell used to reach 200°K was 
very simple. The sample cell was surrounded with an 
aluminium block . The block was attached to a 1 11 diameter 
copper rod, immersed in liquid nitrogen. The amount of the 
rod in the liquid nitrogen governed the temperature of the 
cell. The solut ion temperature was measured with an 'F22 
thermistor . 
Viscosity Measurements 
Since mixtures of hexane and hexadecane are not 
ideal, it is necessary to measure their viscosities. The 
viscosities were measured directly, using a series of 
Ubbelohde viscometers. The solutions in pure solvents were 
also measured , since the temperature at which they were 
used , 26°c, was a little unusual . 




where "? is the viscoei ty , d is the density , and t is the 
flow time. The v iscometers were calibrated, usually with 
water , and the unknown viscosity was determined using the 
above relation. 
The densi t ies were determined using a specific 
gravity bottle. 
The viscosities were measured in a water bath, 
mainta ined at 26°c. / 
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III THE CHEMICAL SYSTEM 
The formation of excimers in solution follows the 
r aotion aoheme ehown below 
* A + 
A + h-V A 
A * AA 
AA + h.'>• AA 
\/ 
A+ A 
The aromatic molecule A is promoted to its first 
* excited singlet state by a short flash and this species A 
* forms AA on collision with an unexcited molecule. Thus 
after the flash has ceased, 
* - *] d r A J /dt = -n LA (1) 
d [AA*] /dt = -n' [AA*] + (2) 
where 
and 
These equations are similar to those proposed by 
Weller1 for protolytic reactions and those used by Birks2 
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for excimer reactions. 
The initial concentration of A* is [A *]0 • At any 
subsequent instant the normalised intensities of monomer and 
exciiner emissions are given by:-
./ 
(4) 
! 1 ( t ) = k~ [AA* J / [A* J O ' (5) 
The solution of equations (1) and (2) gives 
(n - J1 )exp (-12 t~ 
(6) 
) 1 , 2 = ! ( n + n' ) + i [ ( n - n' ) 
2 
+ 4ka [A J kd J t ( 8) 
For steady state irradiation, integration of equations 
(6) and (7) with respect to time from o to .::oo yields the 
Stem-Volmer equations. 
7 = 1 max 1 +fll}'ch 
(9) 
1' (10) 
where 1 and1' are the quantum efficiencies of monomer and 
dimer, and ch, the mean self quenching concent ration is 
given by 
= (11) 
k' + k' e q 
When t = o, the exoimer concentration will be 
zero; the curve of concentration versus time must have 
a maximum at some later time. The time is obtained by 
differentiating equation (7) and setting the result to 
zero. Thie time is also refered to as the time delay; 
the delay between the maximum of the excitation pulse 
and the fluorescence pulse. 
For medium viscosity solutions and high 
concentrations, this reduces to 
(12) 
t = max 1nfka[AJ / (k~ + kq)J 
ka [A] 




measured values for the rate para.meters. An analysis 
of this kind shows that for pyrene in solutions with 
a concentration greater that 10-~, in solvents with a 
viscosity of less than 1 op, equation (13) is a good 
approximation. 
Equation (13) involves only three rate parameters; 
two of these can be treated as one since they do not appear 
separately. An analysis of the curve of excimer fluorescence 
versus time is thus simplified when equation (13) is used 
instead of equation (7). 
Diffusion Controlled Reactions 
The simple expression 
k = 8RT p 
3000 t, 
(14) 
has been used by William.eon and La Mert and by Debyet 
to describe the rate of diffusion controlled reactions -
1 is the viscosity of the solution and pis the probability 
that reaction occurs in a collision. This expression is 
derived from the Smoluchowski equation 
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k = 4 -r1" Np( DA + D:aH rA + rB) 
1000 
(15) 
where DA and D:a are the diffusion coefficients, and rA 
and rB are the encounter radii of A and Bin the 
reaction 
A + B = C 
When the Stokes-Einstein equation 
D = kT 
6-< "j,,r 
(16) 
is substituted in equation (15), equation (14) is obtained. 
For the excimer formation process, the molecules A and 
Bare assumed to have identical diff'usiorucoeffioients and 
encounter radii. 
The Smoluchowski expression is based on Fick's 
laws of diffusion and on the assumption that diffusion of 
A into Bis spherically symmetric. These are generally 
good assumptions and the Smoluchowski equation is probably 
obeyed satisfactorily. The Stokes-Einstein expression is 
open to objection for species whose size is not appreciably 
larger than that of the solvent molecules. It is derived 
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is equal to zero, the species can slip through the medium, 
and the Debye equation becomes 




Osborne and Porter5, 6 have shown that for the 
quenching of triplet naphthalene by 1-iodonaphthalene the 
second order rate constants agree reasonably well with 
those calculated from equation (17), with p = 1. 
We will be looking at solutions of pyrene in 
low viscosity hydrocarbon solvents, like propane and hexane. 
There is a greater difference between the solvent and the 
solute in this system than in the one studied by Osborne 
and Porter. The rate of exoimer formation could be slower 
than predicted by equation (17). Birks2 found that the 
rate of formation of pyrene excimers in cyclohexane 
followed equation (14), with p = 1. 
. , 
~ 
Fig . 25 Decay Curve with some Leakage 
IV COMPUTING 
The Time Delay 
The analysis for the time delay was 9f results 
obtained with the recorder averaging technique (RAT) 
described earlier. A typical curve of excimer fluorescent 
light intensity versus time is shown in Fig 25; ignore for 
the moment the small peak on the curve . The broad shape 
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of the curve and the noise on it make an accurate determin-
ation of the position of the maximum difficult . The usual 
method for determination of peak maxima is differentiation 
of the curve . This is not practical when the curve has a 
low signal to noise ratio; each noise peak causes a zero 
crossing of the differentiated curve . 
The problem can be overcome by smoothing the curve 
before differentiation. The best smoothing method for this 
application is the moving average . Consider a set or 
c onsecutive , evenly spaced points along the time axis of 
the curve . Number these 1 - 20 , we will consider a 5 point 
mov ing average . The intensity of the curve at the first 5 
points, 1 - 5 is summed an~ divided by 5 . The resultant 
intensity will be allocated the abscissa of point 3 , and 
will become one point on the smoothed curve . The next 
averaging cycle uses the points 2- 6, and the abscissa of 
point 4. The cycle is repeated until the last g roup , 15- 20 
I I 
h a s bee n treated . The curv e produced will be a normal 
movir.g average of the first curve . 
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A weighted moving average sums the intensities 
after weighting them according to a fixed rule ./ The central 
point is always weighted highest, the weighting factor 
decreasing f or points which are further away from the central 
point . 
Any type of moving averag e will distort an 
asymmetric peak; thi s effect can be verifie d by simple 
arithme ti c . Any p rog r am which smooths an experimental curve 
must be tested to ensure that the introduced distortion is 
below an a c ceptab le level . Si nce the equation for the curve 
has already been derived, a suitable test is to use a 
synthetic experimental curve . The computer is programmed to 
predict an experimental curve using the equati on ; the maximum 
of this curve i s readily determined - the curve is noise free . 
Random no i s e is added mathemati c ally to the predi c ted curve 
givi ng a synthetic curve . A s econd answer for the position 
of the maximum will be obtained when this curve is analysed 
in the same way as an exper i mental curve . When the difference 
between these two answers is less than the variance of a 
s e ries of answer s from ' identical ' experimental c urves the 
averaging method is satisfactory. A l isting of the program 
is g ive n in Appendix 2 . 
A 9 point weighted moving average satisfies this 
test . A listing o f the program is gi v en in appendix 3. 
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When a curve of excimer fluorescent intensity is 
produced by the RAT averager, no zero time reference is 
indicated. This reference can be introduced by allowing a 
small amount of lamp flash through the filters . The small 
peak in Fig 25 is the time reference. This peak is not wide 
enough to affect the curve maximum. 
Curve Fitting 
If e quations (6) and (7) are used in a determination 
of the rate parameters , mathematical analysis of the data 
becomes more diff icult. A curve which follows equation (6), 
when plotted with a logarithmic intensity scale, will have 
two linear sections; these will have slopes corresponding to 
An accurate determination of these slopes would 
require a linear least squares analysis of each section . A 
curve which follows equation (7) cannot be analysed in this 
simple manner; one of the parameters can be determined but 
not the other . 
A common feature of the use of computers to analyse 
experimental data is the carry over of techniques which have 
b een developed for easy manual analysis . In many cases , the 
computer finds these techniques far more difficult to use 
than the origina l ones which were difficult to use manually; 
. ". 
Fig . 26 Equipotential Diagram 
Fig . 27 E~uipotential Diagram 
1· 
C 
iterative methods which are generally unsuitable for manual 
analysis are often ideal for computer analysis . To return 
to our immediate problem , curve fitting with a computer is 
much better than a linear least squares analysis , on data 
which have been converted to a linear form . 
There are several methods of curve fitting - all 
start with trial values for the parameters in the equation 
being fitted to the data . The sum of the squares of the 
differences between this predicted curve and the experimental 
data is calculated. The program then changes the trial 
v alues until the sum of squares is minimised . 
The operation of this type of program is usually 
discussed in terms of an equipotential diagram - one is shown 
in Fig 26 . The illustration is of a two dimensional problem ; 
two parameters are being adjusted . The points on a contour 
line represent a series of trial curves which have the same 
sum of squares of differences from the experimental points . 
The point which is the centre of the concentric circles is 
the ' correct' answer ; its sum of squares is smaller than that 
of any other point . The surface can be treated as the contour 
map of a va lley. 
Finding the minimum of this type of surface is 
simple . One of the parameter values is held constant at an 
arbitrary value . The other parameter is varied until the sum 
•'I I 
O\ squares is minimized. This parameter is held constant 
at this value while the first one is varied, again until 
a minimum is found . 
Usually the equipotential surface is as shown in 
Fig 27. If the same method, called ' line searching ', is 
used now , the minimum of the surface will be reached after 
an infinite number of steps . There have been many methods 
dev eloped for this type of surface , they are too numerous 
and varied to go into here . It is sufficient to say that 
most of them have particular problems , contraction of 
dimensions, slow convergence etc . 
1 The ' simplex ' method has few inherent defects and 
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is applicable to almost any type of surface. A simplex is a 
geometric figure with one special property - reflecti on of 
any corner about the c entroid of the remaining corners 
results in a second simplex , identical to the first . A 
simplex inn dimensions has (n+1) corners; a simplex in two 
dimensions is a triangle and in three dimensions is a 
tetrahedron. 
When used for curve fitting , a simplex is set up 
on the equipotential surface . The sum of squares is 
e v aluated at each corner . The corner with the highest sum 
of squares is reflected about the centroid of the remaining 
corners . The sum of squares at the new corner is determined 
t It I 
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and the highest corner is again reflected. As this cycle 
is repeated, the simplex will move along the equipotential 
surface towards the minimum. 
This simple process needs some refinements to make 
it practical. Consider the case where a simplex in two 
dimensions h as managed to get two of its corners on a 
v alley floor and the third point on the wall of the valley. 
If the valley is narrow, re f lection of the point which is 
on the wall can put it on the wall on the other side of the 
valley . It will still be the highest point of the three , 
and reflection will return it to the original position. 
This problem is overcome by contracting the simplex . If 
reflection results in the new point having a sum of squares 
higher than the other points, it is contracted to halfway 
between the point a nd the centroid . This process is 
automatic and will result in rapid contraction of the 
simplex if the equipotential surface has deep valleys or 
holes . 
I f the initial simplex has been placed far away 
f rom the minimum and is small, it will take a long time to 
reach the minimum . Thi s problem is overcome by expanding 
the simplex. I f reflection results in the new point having 
a sum of squares lower than all the other points , it i s 
expanded to a distance twice that between the point and the 
centroid. 
. ... 
Both expansion and contracti on can result in 
distortion of the simplex ; this is very desirable as 
v alleys in the surface can be very elongated . 
This method of curve fitting is very fast and its 
use requires little experience on the part of the user . 
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I t has one permanent defect which is shared by virtually 
all curve fitting methods; the simplex will drop into the 
first minimum encountered . This minimum may not be a 
global one - other minima may be deeper . If the simplex is 
started at different places on the equipotential surface 
the global minimum can usually be found . 
Equations (6) and (7) are fitted to the data after 
the expressions for J 1 and ), 2 have been inserted. 
This method of data analysis uses the whole of the 
curve of fluorescent light intensity versus time , unlike 
the method described in the previous section. Some other 
method of establishing a zero time reference is required . 
The computer program uses an additional variable parameter , 
a time zero correction factor which it adjusts in the same 
way as the other parameters . 
Since the experimental data has some residual noise , 
curv e fitting will never result in a zero sum of squares -
the c urv e will never be perfectly fitted . The computer 
program must include a section to stop the curve fitting 
, , 
to , I 
when the sum of squares has reached an acceptable level . 
The c omputer checks the variance of the sum of squares at 
the corners . When it is below a specified level, the 
program is stopped . 
One feature of any curve fitting routine is that 
there is no indication of the reliability of the final 
answer obtained f or each parameter . Thi s characteristic 
can be better understood in terms of an example . Consider 
the equation 
- 50 2 y = 10 . ax+ bx+ c 
If this equation were fit ted to calculated values of y and x , 
with x in the range 0 - 1, the program would obtain a value 
for (a) . Thi s value would be meaningless , as small changes 
in (b) or (c ) would cause gross change s in (a) . The 
equation is virtually independent of (a) . In this simple 
example it is easy to s ee which parameters are meaningful ; 
a general curve fitting program must detect this situation. 
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A separate subroutine in the curve fitting program 
is used to fit a quadratic surface to the data at the minimum. 
Thie surface is used to calculate the variance of each 
parameter . 
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Several authors have shown that the rates of 
fluorescence and internal quenching of excimers in 
solution are substantially constant with a change in solution 
viscosity . 1 ' 2 
An examination of equation (13) shows that, f 'or 
c oncentrated solutions , an increase in the rate of excimer 
formation , ka ' without a change in the other parameters 
should lead to a reduction in tmax ' the time delay . If this 
process is di ffusion controlled , following equation (17) , 
for example , t should decrease with decreasing viscosity . 
max 
This is found experimentally as shown in Fig 28 , however 
tmax decreases slower than predicted . 
Fig 29 shows tmax plotted against viscosity . The 
triangles represent solutions in pure hydrocarbon solvents , 
the circles represent solutions in a mixture of hexane and 
hexadecane . The time delay for both types of solution is 
identical within experimental error for solutions with the 
same v iscosity. 
The dashed lines are plots of equation (13) 
a ssuming ka follows equation (17) with p = 1 . The values 
for ( k ' + k ' ) are marked on each curve . It can be seen that 
e q 
the data do not fit a ny of these theoretical curves , showing 
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Pyrene in Hexane 




Fig 31 Effect of the Rate Parameters on the Shape of the Deday Curve 
SOLVENT 
ka (calc) ka(calc) ka(expt) ka (expt) p 
eqn. 14 eqn. 17 tmax curve fit eqn. 14 
Propane 6.0xlOlO 9.ox1010 2.ox1010 1.8x1010 0.30 
Pentane 3.ox1010 4.5x1010 9.5x109 9. 3:x:109 0.31 
Hexane 2.3x1010 3.4x1010 7.2x109 7.7x109 0.33 
Heptane 1.7x1010 2.6xlo10 7.ox109 7.1x109 0.42 
Cyclohexane 7. 5x109 l.lxlOlO 5.ox109 5.5x109 0.73 
Table 2. 
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that eithe r the ra te of formation is less than predic ted or 
that (k~ + k~) changes with viscosity. Fig 30 is the same 
as Fig 29, with equation (14) being used instead of (17). 
It can be s een from these two figures that the 
change in (ke' + kq') required to explain the change oft max 
with viscosity is very large ; it is also in the opposite 
direction t o that expected . Fig 31 shows the effect of the 
rat e parameters on the shape of t he decay curve. Cur,ve 1 is 
the decay curve predicted f or hexane as solvent from 
results obtained in cyclohexane on the assumption that ka 
obeys the theoretical equation. Curve 2 is the experimental 
curve. Curve 3 is a predicted curve obtained by assuming 
that ka obeys the equation , and by adjusting the value of 
(k ' + k ') so that the theoretical and experimental values 
e q 
oft coi ncide . The shape of curve 3 is as expected ; if 
max 
the sum of the rates of fluorescence and quenchi ng is reduced , 
the decay time will be increased. From Fig 31 it can be seen 
that ka must have a value les s than that predicted with p = 1 . 
Table 2 shows values f or ka calculated from 
equat i ons (1 4 ) and (17), with p = 1, for some pure hydro -
carbon solvent s . Column 3 lists the experimental values f or 
ka obtained by adjusting ka in equati on (13) to give the 
experimental tmax · It can be seen that even equation (14) 
predicts a value f or ka which is g reater than the 
expe rimental one . 
1 I 
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The validity of equation (13) has been tested with 
results obtained by Birks . 2 t was calculated using 
max 
equation (12), and values obtained for ,l 1 and ,l 2 from Birk 's 
data. These values agreed well with the values fort 
max 
ob tained when equation (13) was used . 
An alternative approach which does not involve the 
assumpti ons inherent in equation (13) is to use equation (7) 
with the expressions f or A1 and A2 substituted in it.' The 
curve fitting method d i scussed in section IV can be used . 
The va lues obtained fork from this analysis are listed in 
a 
table 2 , in column 4. These show satisfactory a g r eement with 
those in column 3. 
There is little doubt that the rate of f ormation 
of excimers of pyrene in low viscosity solvents is less than 
that predicted by equations (14) or (17), with p = 1 . There 
is some doubt as to which equation should be used . Birks2 
has found that the formation of pyrene excimers in cyclohexane 
is described by equation (1 4) with p = 1 . A reduction in 
solution viscosi ty would fav our equation (14) , since the 
difference in size between the pyrene molecules and the 
solvent molecules is accentuated; the effect of slippage of 
the s olute molecules discussed by Osborne and Porter3 would 
be reduced at lower viscosity . 
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It is interesting to note in passing that Birks 
f9 u n d a slight discrepancy in the results for pyrene excimer 
f ormati on in cyclohexane. Although the difference between 
the experimental value fork and that calculated from a 
equation (1 4 ) was c lose t o the experimental error , the 
difference was greater at hi gher temperature , and hence at 
lower viscosi ty . The experimental value was always below 
the calculated value . 
Birks4 has shown that solutions of 1 : 2 benzanthracene 
derivatives in cyclohexane have values f or p which range from 
0.4 t o 0.8, indicating that not every colli sion between an 
excited and a n unexcited pyrene molecule is effective in 
producing an excimer . 
Values f or p which have been calculated from the 
experimental data are listed in column 5 of table 2. It is 
possible that in solvents of low viscos ity we have a system 
more akin to a dense gas ; encounters degenerate to a few 
co llisions and the cage effect is no longer important . 
Birks has shown5 that the configuration of the pyrene excimer 
in soluti on is similar to the configuration in a crystal . A 
pair of molecule s are situated with thei r molecular plane s 
0 
and axes paralle l at an interplanar distance of about 3 A; 
the projection of one molecule on the plane of the other is 
such that the long molecular axes coincide, but the short 
axes are displaced by about one C-C bond length . It can be 
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s een that if two pyrene molecules in solution approach in 
the same plane , formation of an excimer is more difficult 
than if they are parallel but not in the same plane . In a 
low viscosity solvent , the two molecules are more likely t o 
diffuse away from each other before there is time for favour-
able encounters . 
aphthalene 
Some work has been done on the formation of 
excimers of naphthalene in solution. 6 ,7 Birks,7 in his 
analysis of excimer formati on by 1 , 6 dimethylnaphthalene in 
heptane , found that the curve of excimer fluorescence 
intensity versus time was indistinguishable from that of 
the monomer . This means that the maximum of the excimer 
curve could not be distinguished from that caused by a lamp 
pulse of finite width . Both the excimer and monomer curves 
are distorted while the time after the lamp flash is small 
with respect to the decay time of the lamp . 
An analysis of the values for 1 ,6 dimethylnaphthal -
ene in heptane at 200°K to determine the value of tmax' 
using the complete equation, (12) , gives a value of about 
10 ns , at a concentration of 0. 1 M. This value is large 
enough for us to expect that a true maximum can be detected . 
A measurement of the system under the above 
conditions gave a curve of excimer fluorescence intensity 
75 
versus time which showed a true maximum. The instrumental 
response was determined by allowing a small amount of light 
leakage through the filters ; the sample was omitted . The 
maximum of the excimer curve was found to occur at about 
7 ns after the maximum of the lamp flash . The time scale 
of the instrument is stable; no drift in the lamp flash 
maximum wa s observed during the time required to insert the 
sample and change the filters . 
Although it is quite easy to detect the maximum of 
the excimer curve, it is very difficult to obtain an 
accurate value fort • Some work has been done on a 
max 
superposition integral, in an attempt to correct for the 
effect of the lamp flash . 8 In s i mple terms this type of 
analysis attempts to predict the experimental curve, using 
the instrumental response and trial curves for the true 
exc imer fluorescent response . The trial curves are adjusted 
until the predicted and the actual experimental curves 
coincide. This analysis has met several problems, the prime 
one being noise on the experimental curve . This problem 
should be overcome with the use of the CAT averager . 
- 2 The room temperature emission of a 10 M solution 
of 2 methoxynaphthalene in cyclohexane showed no maximum 
which could be distinguished from that caused by the lamp 
flash . The curve decayed exponentially with a decay time of 





/ A CAT PROGRAM FO R A FLUORESCENT DECAY PECTROMETER 
I COPYRIGHT 1968 , ROD SPEED 
SI S =6 30 1 
S I R = 60 7 1 
CS F = 6302 
CR F = 60 7 2 
LEC = 6306 
CEC = 63 15 
ADCV = 6532 
ADRB = 653Ll 
ADS F = 6531 
DX L = 6053 
DX = 6057 
DC Y = 606 1 
DYS = 6067 
DYL = 6063 
DCX = 605 1 
* 1 
SIR 
JMP SAMPL E 
JMP RET 
* 10 
ADDR 1, 0 
ADDR2 , 0 
ADDR 3, 0 
AD DRLl , 0 
* 17 
CSTOR, 0 
AMPLE, CSF /L OWER SAM LE FLAG 
STA 












1AO I AOO Rl 
DCA I AOOR2 
I ON 
NOP 
J MP .-1 
TTYPE, KCC 
ION 





DCA I CSTOR 
AD START 
DCA AODR l 
TAD START 
DCA ADOR2 
I SZ COUNT 
SKP 
JMP I L ORT 






JMP T YPE - 2 
* 74 
COUNT , 0 
EMP , 0 
/ TELETYPE I TERRUPT 
/ STORE · NUM BER OF AM LES 
/ BEGINNING OF TEMP DECAY TO RAGE 
/ SO RT DATA 
/LO WER RET RACE FLAG 
77 
0 / SPARE 
START3, 0 
NM INC, - 200 
MINC , 200 
SRTCNT , 0 
0 / S ARE 
SCNT2 , 0 
REPCNT , 0 
REPNUM , 0 
TEMP3 , 0 
CHA R, 0 
COUNT2 , 0 
COUNT3 , 0 
START, 6602 
/-
___ ___ :, __ ---------~--- -------- -----..:---.---- ----- ------ -- - - - - ------ ~~~------
* 130 
LDSPR , 1230 
L SCALE, 1 200 
LRSTRT, LJ52 
LDSRES , DISRES 
LPR INT, 1000 
TYPSTG , 3000 
L LJ000 , LJ0 0 0 
LRDF IN, 622 
LDCPRT, DECPRT 
LPER , 7 26 
LPER l, 7LJ0 
LRDR T, 432 
LSPACE , 7 52 
LDS IN, 2200 
LDV I DE , 3 100 
LD OUT , 232 1 
LSORT, SORT 
LRF IN, 600 
LRDSTRT, LJ0 
LCH3 , CH3 
LCH4 , CH LJ 
LCSPRT, CS RT 
LCRLF, CRLF 
LRR T, RRST 
* 160 
CN0002 , - 2 
CN6602 , - 6 602 
PA USE 
*200 
SORT , CLA O R 
AND BM002 1 
1AD CB 002 1 
ZA CLA 
JMP LOOP 23 
0 R 
AN D BM0002 
SZ A 
JMP I L RDRST 
78 
/ NO RESTART COMMAND 
/ RE TART RUN AND DUPLICATE 
~~~----------------~ 
JM P I LRR~T / RESTART PRE ENT RUN 
LOO P23 , TAD ~TAR12 /LOO FIND AVERAGE COUNT 
CLL 
DCA C TOR 
TAD CB0040 
DCA COUNT 
TAD I CSTOR 
I SZ COUNT 
J MP .- 2 
AND BM 7740 
CLL RAR 
RTR 
R TR I DIV I DE BY 40 
DCA AVCNT 
TAD START2 
DCA CSTO R 
TAD CB0040 
DCA COUNT 
/L OOP FI ND MI NI MUM COU 1 
LOOPl , CLA 
TAD NMINC 
TAD I CSTO R 
SMA 
JMP LOO P3 
TAD MINC / NEW MI NI MUM 
DCA MINC / REGA I N CONTENT~ OF <I C TO R> 
TAD· Ml NC 
CIA 
DCA NMINC 
LOO P3 , I Z COUNT 





HL1 / MIN C 100 LA GE 
CLL 








TO RED VAL UE 
79 
TA D TART 3 
DCA ADDR4 
LOOP2 , 1AD I ADDR l 




TAD I ADDR 3 
DCA I ADD 4 
DCA I ADD 2 
SNL CLA 




I SZ I TEM 
SKP 
HLT 
I SZ COUNT 
J MP LOOP2 
l ~Z SRTCN 
SKP 
JM I LRF I N 
CLA OSR 
AN D BM000 1 
NA CLA 
J MP · LOO 26 
OSR 
AND BM0 100 
SZA CLA 
J MS I LO RES 
OSR 
AND BM00 41 
TAD CB004 1 
ZA 




JMP I LRD FIN 
J M I LRF IN 





/ NO COM MAND 
/ DI PLAY 
/ NO FI NI H COMMAND 
/FI NI HED RAND D 
/FI NI HED UN 














CB002 1, - 2 1 
CB 00 40 , - 40 
CB0 165 , -1 65 
CB 4200 , - 4200 
CB004 1, - 41 
TART2 , 2600 
AVCNT, 0 
BM002 1, 2 1 
BM0002 , 2 
BM 77 40 , 77 40 
BM000 1, 1 
BM0 100 , 1 0 
BM004 1, 4 1 
/LOWER RET RACE FLPG 
/ START IN G ROUN1INE 
*400 
RDSTRT , CLA 
TAD I CC47 2 1 




TAD I CC472 1 
AND CM 000 7 





TAD I CC4 722 
AND CM 0 7 00 
CLL RTR 
/ RUN AND DUPLICPTE TART 
/ CONVER1 EUDO BCD TO 
/ BINARY DECNUM 
81 










DCA I CC4724 
/ REDUCE DECNUM BY 1 
/ CONVERTED DECNUM PT 4724 
RDRST , CLA OR / RUN AND DU LIC TE ESTA T 
AND CM030 1 
TAD CN30 l 
NA CLA 
J MS I LDS I N 
STA 
lAD REPNUM 





TAD I TEM 
lAD CN320 / TE T IF " P" I - TORED 
SNA CLA 
HLT / TORAGE AREA ROTECTED 
RT T, I Z REPCNT / UN TART 
KP 
J MP I LRDFIN / FINI HED DU LIGATE 
CLA 
TAD START 3 
TAD CC0200 




I SZ I CC4724 
KP 
NOP 
l AD I CC4 7 24 
DCA I TEMP 
RRST, CLA 
TAD TA T3 
TA D CN0 02 
/ UPDATE DECNUM AND TORES 
/ UN R TARl 
82 
/---- --=-=----_-_-: _____ ----__ :.: ------.:~ - ~-- -=- 7; -_-----:--- ::._- -- - ::... - ::...::...-· ::...::...::...::...::...=..=.~~~- --~ 
DCA TEMP 
TAD I TEMP 
TAD CN303 
SNA CLA 
J MP LOOP30 
TAD START3 
DCA ADDR l 
TAD CN 175 
DCA COUNT 
DCA I ADDR l 
I SZ COUNT 
J MP .- 2 
LOOP30 , CLA 
TAD CC6600 
DCA ADDR 1 
TAD CC2400 
DCA ADDR2 
TAD CN 176 
DCA COUNT 
DCA I ADDRl 
DCA I ADDR2 
ISZ COUNT 
J MP • - 3 
TAD CC0200 
DCA MI NC 
TAD , CC0200 
CI A 
DCA NM I NC 
TAD SCNT2 
DCA SRTCNT 
J MP I LOP26 + 
LOP26+, LOOP26+ 1 
CC472 1, 472 1 
CC4 722 , 4722 
CC 47 24, 4724 
CC 4602 , 4602 
CC5000 , 5000 
CC0200 , 200 
CC6 600 , 6600 
83 
/ CHECK FOR CL EAN LOCAT I ON 
/ CLEAN PERMANENT LOCATIO 
/ CLEAN TEM LOCPTION 
/ CLEA S OVERFLOW TORAGE 
/ RE ET MINC AND NMINC 
I SETS ~ RT CN 1 
CC2400 , 2 400 
CN30 1, -30 1 
CN320 , - 320 
CN303, - 303 
CN 176 , -1 76 
CN 175 , -1 75 
CM0700 , 0700 
CM0007 , 0007 
CM030 1, 0301 
* 600 





DGA I TEMP / STORES " P" IN PE M STORAGE 
JMS I LDSPR / DISPLAY PROGRE 
CLA 
TAD START3 I CALE DATA 
J MS I LSCALE 
CLA 
TAD NMINC 
DGA· I TART3 / TORES NM I NC 
TAD GD0200 
DCA NM I NG 
TAD DC0200 
DCA MING / RE ETS MING AND NMINC 
J MP I LR TRT 
RDF I N, CLA O~R 
AND DM000 1 
SNA 
J MP LOO 96 / NO COMMAND 
GLA OSR 
AND DM0 100 
SNA 





---------------_- _-:_-_-_--------------- ---~-----· -- - --. - -- - - - - · --- --- ---------=-=-=--










I Z COUNT 
JMP .-2 
DCA START3 
TAD I TART3 
DCA NM INC 
J M I LDSRES 
JM P RDF I N 
LOO 911 CLA 0 R 
AND DM0010 
SNA CLA 
J MP .+ 2 
JMS I LP RI NT 
LOOP9 6 1 CLA 
TP.D TITLE4 
JM S I TYP TG 
KCC 
K F 
JMP. • - 1 
K s 
TAD CD033 1 
SZA 
JMP .+ 3 
DCA I DC50 0 
J MP LOOP 97 
CLA 
KR 
TAD CD03 16 
NA CLA 
J M RDF IN 
TAD DCL!4 35 
JM S I TYP 1 G 
JM P LOO P96 
LOOP971 CLA OS 
AND DM000 1 
SNA 
J MP • - 3 
85 
/CURVE TO BE DI SPLAYED NOT ~UPPLI ED 
/ GENE ATE START3 FO REQU I RED DI PLAY 
/FI NI SHED PR I NT I NG 
/" ~AT I FIED" 
/ REMOVE " P" TOD 
/AN WER II NO 
/ NO 1~F I A11_ wE 
/" WHAT ?" 
, !. - - - - - - - - - - - -----..:::-- -~- - - - - - - - - - - - - - - -- ~ = : - - - - :- ':. - - ~ = : - - ~ - - ~ - - - - - - - - - - - =- : = -
l----------------- ------------------------------------------------------
CLP OSR 
AND DM000 4 
SZP 
JMf I L4000 
JMP I LRD ST 
TITLE4 , 4546 
PAPER , 0 
DCP COUN 1 
TAD PAPER 
DCA PAPER l 
TAD DC0215 
TSF 
JMP • - l 
TL 
CLP 
JMP • + 3 
PAPE l, 0 
DCA COUNT 
TAD CHA R 
T F 
JMP • - l 
TL 
I Z COUNT 
JMP • - 4 
CL A 
JMP 1 PA ER l 
SPPCE · , 0 
CL A 
TAD CD0003 
JMS PAPER l 
JMP I S A CE 
DC0320 , 320 
DC0200 , 20 
DC4602 , 4602 
DC 443 5 , 4 4 35 
DC 2 1 5 , 2 1 5 
DC5 00 , 5 00 
CD0200 , - 200 
CD0331, - 33 1 
CD0 3 1 6, - 3 1 6 
CD0003 , - 3 
/ COMPLETER TART 
/ NO NPL RE'1A R1 
/CH ANGE TO T ITL L. 
/ NUMBER I N ACC 




DM0 I 00 , 
DM 70 0 , 
DM050 1, 
OM 0 10 , 
DM0004, 
* 100 
P I NT , 0 
CLA 




0 50 1 
00 1 
0004 




JM . I LPE 1 
lAD EC02 1 2 
DCA CHAR 
lAD CE000 7 
JM I L ER 
lAD EC46 1 
JMS 1 TY T G 
CLA 
lAD CN0002 
JM I LP ER 
lP.D EC0240 
DCA CHP. R 
JMS I L . ACE 
TAD EC4 1 
DCA TARl 3 
JM I LCH 4 
JM OUTPUT 
JMS I LCH 3 
I SZ TP.Rl 3 
JM . CRLF 
JMS I LS AC 
JM I LCOM 
JM OUl Ul 
JM I LCOMP 
JM CRLF 
DCP. LCNl 
lAD REP NU M 
DC/'.I REPCN 1 
OCA 1 EMP3 
/ INl ECl I ON 
/L EP.DE lRP.lL R 
/LIN E F ED 
/LI TERP.L DP.lA 
/ PR I L D C NUM . 
/COMPLEM NlE~ lO R D NMI C 
/ RETURN . 10 MI NC 
87 






1PD I 1EM 
SMA CLP 
JMP • + Lj 
TAD I 1 EMP 
CIA 
DCA 1EMP3 
ISZ REPCN 1 
JMP • - I 3 
1AD CE0012 




LOOP9 5 , l - Z LCN1 
SK P 
Hll 




JMS l LDC R1 
J-1' OUT ll 1 
I Z TEMPLl 
JMP • + Lj 
JM CRLF 
1AD CE0012 
DCA 1 EMP Ll 
CLA 0 ' R 
AND M0 I I 
TAD CE 00 1 I 
SZA CLA 
JMP l L RD FIN 
1SZ EM 3 
JMP LOOl-9 
JM I LC RT 
JMP I RIN1 
OU1PU1 , 0 
88 
/MPX NMINC IN 1 M 3 
ICOU 1 FO GOU OF 1 EN OUTPUT 
/U PD 1E . LINE COUN1ER 
/ P l N 1 LI E UM BE 
/P RINL E-1 OF LINE 
/ 1 L 1 FO GROUP OF TEN 
/ NO LON GER REQUE 1 RIN1 
CLA 
1/.\D E NUM 
DCA REPCN 1 
LOOP9 4 , CL A 
TAD S1f.\RT3 
DCA 1 EMP 
1AD TEMP 
1AD EC0200 
DCA 1 EM 
JMS I L ACE 
TAD I TEM 
JMS I LDCPR1 
ISZ RE CNT 
JMS LOOP94 + 3 
JM CRLF 
JM I OUT PU1 
CRLF , 0 
CLA 
lAD EC 2 1 5 
TS 
JMP • - 1 
1L 
CLA 
AD EC 2 1 2 
T F 
JM • - 1 
lLS 
CLA 
JMP I C LF 
LCNT , 0 
LCOM , CO MP 
1 EM 4, 0 
EC0200 , 200 
EC02 l 2 , 2 1 2 
EC46 1, 4 6 1 
EC024 , 2 4'1J 
EC02 1 5, 2 1 5 
CE0200 , - 2 
CE0007 , - 7 
CE00 12 , - 1 2 
CE00 11, - 1 1 
EM00 l I, 1 1 
89 
*3Ll00 
CH Li , 0 
I Z CN1RZA 
1 AD 1 EN P W R+ I 
DCA TENPWR 
1PD TENPWR+2 
DCP 1 EN P i,,J R+ 1 
1PD 1ENPWR+3 
DCP 1 NPW +2 
JMP I LCH Ll 





DCA 1 E1 I-' i,.JR + 2 
1AD 1EN WR 




CSP RT , 0 
JMS I LCRLF 
JM, I LCH Li 
1PD RE NUM 
DCP EPCNT 
TAD 0Cti60 1 
DCP 1 EMP 
LOO 92 , 1 AD TEMP 
1PD OC 200 
DCA POD 1 
JM I L ...: ACF 
TAD I ADD 1 
DC COUN1 
DCP CH · uM 
1PO l ?\DOR I 
1AD CH UM 
DCA 
I Z 
JMP • - ti 
'IAD CH UM 
JM . DECl-'R 1 
90 
I Z E CN 1 
JMP LOO 92 
JMS I LCH 3 
JM..: I LC RLF 
JMP I C. Rl 
OC6030 , 6 3 
OC4 0 1, 46 0 1 
OC0200 , 200 
CHSUM , 0 
*3 ~65 
DEC RT , 0 
DCA VALUE 
DCA DIG11 
lAD CN RZ A 







. A ROW , 1AD 
ZL 




1AD DI GI1 
lAD K26 
1 F 






JM AR OW - I 
1 ENPWR 
JM I DEC Rl 
ADDRZA , 1 AD 1 ENP WR 
CNl ZA , - 4 





- 00 12 
- 000 1 
K260 , 260 
VA LUE , 0 
DIGIT , 
CN1 RZB , 0 
*3330 
COMP , 0 
CLA 
TAD REPNUM 
DCA REPCN 1 
1AD S1A 13 
DCA TEM 
TAD 1 EM 
TAD NC020 
DCA TEMP 
TAD I T M 
CIA 
DCA l TEM 
ISZ REP CNT 
J • - 7 
CLA 
JMP I COMP 
· NC0200 , 200 
/DI ·~LAY -UBROU TIN 
*2200 
DI S I N, ~ 
CLA 
DCA COU1 1 
C F 
IR 






/ E.NTRY OI '1F DI ~P L/'.IYOF 
/l 1PU1 c.; 1 G ?IL 
CEC 
IS 
JMP • - 1 









AD CJ0 1 7 6 
'MA 
I c; AM PL . /DI LAY 
HL 1 / TOO MPNY SAMPLE~ 
CLA 
lAD JC3 02 
DCA ADDR 1 
CR F 
IR 
JMP • - 1 
CR F 
LOOP7 1, CSF 







JMP • - 1 
ADRB 
DCA I ADDR 1 
IR 






DCA 1 EMP 1 
lAD lEMP I 
DCA COUN1 
lAO JC3602 
DCA AODR I 
1AD JC3602 
DCA A DDR2 
93 
--~----~-------
TAD I ADD 
CLL Rl R 
RlR 
RAR 
DCA I ADDR 2 
ISZ COU IT 
JM • -5 
LOOP 74, CLA 
1AD JC 3602 
DCA 1 EM 3 
TAD 1 EM 1 
JM DI SOU T 
CLA OSR 
AND J M0 10 
SNA 
JMP I DI I N 
CLP O R 
AND J M000 1 
t;NA 
JM I DI I N 
QA O R 
AND JM040 
SNA 
JMP DI I N+ 1 
JM L OO 7 4 
DI OUT, 0 
DCP CO UN 1 
TAD JCI 77 7 
DCP LO O 6 6 
TAD COU T 
CI A 
DCA LOO 66+1 
CLL 
JM I LDV ID 




DCA I NC 
lAD !NCR 
CIA 
DCA X TOR 
TAD TEMP3 
DCA ADDR l 
l. c;;__-- ______ __ _ 
94 
/ ETU R 
/ NO COM AD 
/ GT EW DAlA AND DI PLAY 
/ ED I ~ L PY 
/ UB DOE THE AClUAL DI PL AY 
/NE G NO OF OI Nl- ' I /ICC 
/ TART OF DATA I 1EMP4 
--- - - -----~---~~-~~~~-~-----------~- --~--~-~---
LOOP65 , CL A 
DCY 
TAD X- TO 
TAD I NCR 
DXL 
DCA XSTOR 
1AD I ADDR 1 
CLL Rl L 
RAL 
DYS 
I Z COUNT 
JMP L OOP 6 5 
JMP I DI OUT 
TEM P 1, 0 
INC , 0 
XS TOR , 0 






- 1 7 6 
3602 





SCALE , 0 
DCA ADDR3 
TAD Sl ART 3 
DCA ADDR 1 
TAD NM I NC 
DCA COUNT 
·1AD FC2 40 2 




DCA L OO 8 + 1 
LOOPS !, CL A 
'~-------- - -- :-.,__ ---
95 
I AOF E-ULT - lOAGF I I NAC 
/ 1ART3 AND 240 A E DA1A 
/ NO OF .ORT -0 FAR 
-~-----~----~~------------~ 
lAD I PDDRl 
DCA LOO 80 
lAD I AODR2 
JMS I LDV IDE 







DCA I ADDR3 
I S Z COUNl 
JMP LOOP81 
JMP I SCALE 
DI SPR , 0 
CLA 
TAO CF00 10 
DCA COUNT 
l AD DI PR 
AND FM0400 
SNA CLA 
JMP LOO 98 
TAD RE CNT 





TAD FC01 7 7 
DYL 
CLA 
lAD FCl 67 4 
JMP LOOP35 
/ UB DI PLAY P ROG E - OF OT COUNlE 
/ DI S LAY RlCNl 
/ DI LAY E CNl 
LOOP98 , TAD RTCNT 





LOOP35, l AD FC0 4 
DXS 
l Z COUNT 
JMP • - 3 
96 
- -- ---
-~ -~===---- ---------------------- ----------------
JMP I DI PR 
FC2 L!02 , 2 Li02 
FC0 177, 1 7 7 
FC 1 6 74, 1 674 
FC000 4 , 4 
CFi0 10 , - 10 
FM0400 , 0 40 
FM 0 7 7 7, 0 7 7 7 
FM0 0 7, 000 7 
*3 100 
DIVIDE , 0 
CLL 
SPA 
CMA CM L 




TAD I DI V IDE 
ZL 
' CMA CLL I AC 
DCA L DI VND 
SZL 
I Z HD I VND 
I SZ DI VIDE 
1AD I DIVIDE 
CLL 
SMA 
Cl'-1A CM L I AC 




DCA N WER 
CLL 
TAD DI V~O R 
TAD HD I VND 
I SZ DIVID E 
~Z L CLA 
J M I DI V IDE 
97 
TAD Ml 3 
DCA DI VCN T 
JMP DV2 






HD I VN D 
HD I VND 
DI VSOR 
DCA HD I VN D 
CLA 













LOI VN D 
DI VCNT 
DV3 
HD I VND 
DVND 
I AC 
HD ! VN D 
LOI VN D 
SN vJER 
I AC 
JMP I DI VI DE 
HD I VND, 0 
LD I VND , 0 
DIV OR , 0 
DVND , 0 
SNSWER , 0 
DI VCNT , 0 
M13, -1 5 
*3535 
DI RE , 0 
CLA 
lAD DI SRES 
AND OM0400 
ZA 
J MP LOOP99 
98 
/ DI SPLAY OF SMOOTHED AM LE 
/ CALL D FROM R&F , NO .CALI NG RQD 
~------------------- ------- --------------- - -- - - ----- --------------- -----
TAD OC3 602 
JMS I L SCA L E 
CL A 
TAD OC3 6 02 
DCA TEMP3 
lAD NM I NC 
JMS I L DS0Ul 
JMP I DI SRES 
LOOP99 , CL A 
TAD TA 1 3 
DCA TEMP3 
TAD NM I NC 
JMS I L O OUT 
CLA OSR 
AND OM0 50 1 
TAD C0050 1 
SZA CLA 
JM I DI RES 
JMP .- 7 
OC3602 , 3602 
OM050 t, 5 I 
co 0 5 0 I 1 - 5 0 I 
OM0 400 , 0400 
*40~0 
BEG I N, IO F 
ASK!, KCC 
lAD QC4400 
JM I T Y STG 
K F 
JMP • - 1 
KRS 
lAD QM 7 447 
SNA 
JMP LOO 6 
KRB 






/ CAL LED FROM SORT , CALING RQD 
~------ - --- - ---- -- -- ------- ----------------- -------- ---- ----- ---- - - -----
J M I 1YP ST G 
JMP ASK l 
LOOP6 , KCC 
1AO QC4600 
OCA AOOR l 
1AD CQ00 4 4 
DCA COUN1 2 
1AD CN00 2 
DCA COUNT 
TAD C4422 
JMS I TY 1 G 




TAD QM? 56 4 
SZ P. 
JM LOO 10 
TAO MI NG 
S A 
JM .+ 3 
1AO QM00 40 
OCA 1 A DD 1 
IAD QC~0 1 ? 
Di..; .£1 I .I\ UDR 1 
ru Qr,1•r 1 ::i 
f'lCf- I llDD 1 
LOOP8 , KC C 
fAC 
DCA I ADD R 1 
1AD QC44 16 
JMS I TY P Sl G 
JMP NDATA 
LOOP 10 , CLA 
KRS 
AD QM 7441 
SNA 
JM LO O 6 
KRB 
LF 
JM • - 1 
1L 
AND QM 7 7 
I SZ COUNT 
JM LOO 5 
TAD MINC 
DCP I ADO 
DCA M INC 
~------------------- --
lOO 
- --- - ·- --------------------------- - ----
101 
TAD CN 0 002 
DCA COU T 
I SZ COUNT2 
JMP L OOP? 
TAD QC 0 1 2 
DC.A I ADDR l 
TPD QC0 0 1 5 
DCA I ADDR l 
TAD QC4416 
JMS I TYP T G 
TAD ADDR 1 
AND QM0H0 
ZA 
JM L OO P 8 
1.0 D CQ0044 
DCA COUNT2 
JMP LOO 7 






NDJ'.ITA , JM I LO OP 11 
NOP 
NOP 
QC4400 , 440 0 
QC4 00 , 4600 
QC4422 , 4422 
QC4435 , 4435 
QC0 0 12 , 12 
QC001 5 , 1 5 
QC44 1 6 , 44 1 6 
CQ0044, - 44 
QM7 447 , 7 447 
QM7 462, 7 462 
QM7564 , 7 564 
j, QM7 441, 7 44 1 
QM0 100 , 0 1e0 
QM0040, 0040 
QM0077 , 0077 
LOO 1 1 , 4200 
,r 
, _ -
- -- -------- -----------
I 
/ CONT I NUAT I ON OF READ I NG I N ECT I ON OF FD CAT 
*4200 
TAD CR000 4 
DCA I NUMDG 1 
TAD RC4 7 20 
DCA I STO ST 1 
TAD T I TL E l 
JMS I DI GRJl 
NOP 
LOOP36 , S1A 
DCP I NUMDG 1 
TAD RC47 30 
DCA I S10 ST l 
TAD T I1LE2 
JM S I DI GRJ l 
JM • + 2 
JMP L OO 20 










RM0 7 00 
RlR 









20 , l AD CN 0002 
I NUMDG l 
RC4 7 30 
I STO 11 
T I TL E3 
I DI G RJ 1 






LO O 2 1 
I TEMP 
RM0 7 00 
Rl R 
/ CRLF " DECAY NU BER < 4 OCTAL 
/ DI GI T , I = NO CHANGE" 
I CRLF " NUMBER OF REP EATS , 1- 7" 
/ NUMBER OF REPEATS 
/ CRLF " NUMBER OF CAN~ <*250 > OCTAL 2 DI GI T~ 
102 
~------ - - --- ---- ---- -
--- ------------- ----- - --- -- -- ----- ------ -----
DCA CNT2 
TAD I TEM 
AND RM00 7 
TAD SCNT2 
SNA 




DCA SC T2 ! NO OF SORl 
LO OP2 1, J MP I LRD~ T l 
CR00 4, -4 
RC4720, 4720 
RC4730, 47 30 
RC4800, 48 0 
RM0 700, 0 7 00 
RM000 7, 0 07 
NUMDG l, NUMD I G 
STO Tl, TOSTA 
TITLE 1, TITLl 
TI TLE2 , TITL2 
Tl TL E3 , T 11 L 3 
Dl GRJl, 3200 
DIGRD l, 3220 
/ SUBROUT INE F OR READ IN G DIGIT 
/CALL WITH NEGATIVE OF NUMDIG AND ~TO 1A UPPLI ED 
/ AND WI TH THE STARl I NG ADORES OF lH E 1 I TLE I THE ACC 
*3200 
DI GRJ, 0 
JMS I TY P TG 
KSF 
JMP • - 1 
KRS 
TAD CN031 6 
NA CLA 
/ ENTRY FO JM TE T, 0 READ I 




JMP LOO 1 6 
TAD DIGRJ 
DCA DI GRD 
JMP DIGRD+2 




JM I DIGRJ / RETURN TO CALL +2 
DI GRD , 0 / NORMAL ENTRY FOR NUMERIC READ IN 
JM I TYP 1G 
TAD CN0002 
DCA COUNT 3 
TAD STO TA 
DCA ADDR 1 
LOOP 12 , KS F 
JMP • - 1 
KRS 
TAD CN0257 / TE T FO NUMER IC 
SPA CLA 
JMP ERROR /ERROP 
KRS 
1AD CN0270 /lE T AGAIN 
SMA CLA 
JMP ERROR / ERROR 
KRB 
TSF 
JMP • - 1 
lLS / RINT DIGIT 
AND NM007 7 
I~ Z COUNT3 
SKP 




I SZ NUMDIG 
JM • + 4 
TAD NC0 040 /L T DIGIT 
DCA I ADDR I 
JMP LOOP 14 
DCA l STOR 
JMP LOO 12 
LOO 1 3, 1AD T l OR 
DCA I ADDR 1 
1 Z NUMD I G 
K 
/-----------------------------------------------------------------------
JMP L OOP 14 
TAD CN0002 
DCA COUNT 3 
JMP L OO 12 
ERROR , CL A 
KCC 
/ LAST DIGI1 
TAD NC443 5 /"WHAT ? " 
JM . I TYP S1 G 
TAD DI GRD 
TAD CN00 6 
DCA DI GRD 
JMP I DI G RD 
LOOP 1 4, TAD NC44 1 6 
JMS I TYP STG 
TAD NC00 15 
DCA I I ADD 1 
TAD NC00 1 2 
DCA I ADDR l 
IAC 
DCJ:l I ADDR 1 
JM I DIG RD 
lSTOR , 
CN0260 , - 260 
CN0257 , - 257 
CN03 16 , - 3 16 
CN0270 , - 0270 
CN0006 , - 000 6 
NC0040 , 40 
NC4435 , 4435 
NCL!4 16 , 44 1 6 
NC00 1 5 , 1 5 
NC00 12 , I 2 
NM0077 , 007 7 
*33 7 6 
NUMD I G, 0 
SlO TA , 0 
*4400 
/ RETURN 6 ~1A1EMEN1 
/ FINI HING ROU TINE 
/ TYPE " CRLF " 
105 
EFORE CPLL 
i----- -- ---- --,--- -- ------- -- --- --1-- -------- ----- ---------====-=------- I ' 
400 4 
17 40 
3 1 1 7 
25 40 





2 40 5 
22 4 0 
0 40 1 




00 1 5 
000 1 / DO Y OU WANT TO ENTER DATA ? 
00 12 
00 15 







0·0 1 5 







000 1 / WHA T ? 
I TL 1, 0 12 
00 15 














0 71 1 
2423 
5440 
1 7 5 






00 1 5 
000 1 / DECAY NUMBER C40C1AL DI GI 1 , N = NO CHANGE > 
1ITL2 , 00 12 













00 1 5 
000 1 / NUMBER O F RE EA S , 1- 7 
1 11 L 3 , 00 1 2 




40 1 7 
0640 
2303 





/-- ---------- ------ -- ------ ---------------------------------------
107 
40 1 7 
032 4 
0 1 1 4 
4062 
400 4 
1 10 7 
1 12 4 
2 340 
00 12 
00 1 5 
000 1 /N UMBER OF S CAN <* 25 ) OCTAL 2 DI GIT 
TI1L4, 00 12 
00 1 5 
2 30 1 
24 1 1 
2 306 





000 1 / SAT I S FIED? 
PAU E 
108 
C NOISE ADD MKII 
DIMENSION A(lOU ,BU OU ,Ctl Oll 
REAL NOi SEM,IFL NAME LI ST / DA TA /NUMP TS ,NOi SE t-1, NS ER, NEWOEC , l NV RS E/ OLD OAT / IS ER ST, IX 
DA TA NU MP TS 1 NO l SE M , NEW DEC/ l O l , 5 • 0 , l / , l NV RS E/ 0 / READ (l, OLDUAll . 
NEWSER=l SERS T+l 
READ 11,l Oll JOBS 
101 FORMAT (13) 
DO l NJOBS=l,JOBS 
RE AD( 1,DATAl 
IF (NEWDEC. EQ . Ol GO TO 13 
RE AD(l,1 00 1 (A(Jl ,J=l,NUMP TSl 
100 FORMAT <14F 5.2l 
AMAX=C.O 
DO 11 J=l NUMPTS 
IF(AMAX.Lf.A(Jll AMAX=A(Jl 
11 CONTINUE 
l F ( A MA X. LT. 9 0. 0 ) G O T O l 3 
DO 10 J=l, NUMPT S 
10 A(J)=A(Jl*0.9 
13 DO 2 J=l,NUMPTS 
CALL RANDU(IX,IY IFLl 
B(J)=A(J)+ (1FL-0.5l*N01S EM 
C(Jl=(IFL-0.5l*NOISEM 
2 IX= I Y 
NEW SER=NEWSER+l 
WRITE (3 300) NEWSER NSER I\OISEM 
300 F ORMA T ''l',/////,TlO,' DE CAY P- ',1 3 ,/iTlO,' NOISE ADD IT ION TO ', 
l'THE DECAY • 1 A4,' ~ITH A NOISE MU LTfPL ER OF ', F6 . 2,//,T1 0 , l' ORIGINAL',TjO 'HITH NOISE',T50,'N0ISE'l 
\~R I TE ( 3 , 3 0 l l { A ( J l , B ( J l , C ( J l , J = l , NU M PT S l 
301 FORMAT (Tl0,F6.2,T3 0 ,F6. 2 , T50 , F6 . 2 l 
C TOT=O. 0 
DO 3 J=l, NUMPT S 
IF( INVRSE.E Q.ll B(Jl =100.0 - B(JI 




20 KK l=KK+ 1 3 
IF(KKl.GT. NUM PTSI KKl=NU MPTS 
WRITE (2,200 1 (B{Jl ,J=KK,KKll ,N EWSER ,KK3 
KK3=KK3+1 
KK=KK+ 14 
IF(KKl.LT. NUMP TS I GO TO 20 
200 FORMAT ( 'V',14F 5.2,2X ,'P' 2X ,1 3 ,'-',ll) 
C TO T=C TOT /NUMPT S 
~ RITE (3, 302 1 CTOT 














































































































WRITE (2,201) NEWSER,IX 














C DECAY PREDICTION MK IV D l MENS l ON R ( 1 01 I , S ( 10 1 I , SP R ( 10 l ) , R L( l O 1 I , SL ( 10 1 ) , SP RL ( 101 I , C ( 5} , 
1AA(3,1011 
READ (l,1 0 ) AKM,AKDM,AKD,AKMO,AKFM,AKFD,N,TMAX,C 
I = 3 
X=A KM+A KDM*C ( l I 
Y =A KD+A KMD 
B 24AC=SQRT((Y-Xl*(Y-Xl+4.*AKDM*AKMD*C(ll l 
ALAMl = 0 .5*(X+Y-B24AC) 
A LA M2 = O. 5 * ( X+ Y+ 824 AC l 
B = AKFM*(ALAM2 - X)/{ALA~2 - ALAMl l 
A= (X-ALAMl)/(ALAMZ -X) 
A L=ALOG( A I 
BL=ALOG(B) 
D = A KFD*AKDM*C ( l) / ( ALAM2-ALAM1 l 
DL=ALOG ( D) 
T I N T = H1A X / ( N -1 ) 
WR l TE ( 3 , 34) C ( I ) 
WRITE (3,39) AKM,AKDMtAKD,AKMO,AKFM,AKFD,C(I),X,Y,B24AC,ALAMl, 
1ALAM2,B,BL, A ,AL,TMAX( ) ,TINT, N, D, DL 
IF(L.GT.2) GO TO 3 
DO 1 J=l,N 
T = Tl NT* ( J-1 ) 
R L( JI =-A LA Ml *l • OE-09 *T+ BL 
SU Jl=-ALAM2*1. 0E -09*T+BL 
R(Jl=EXP(RL(J)) 
S( Jl=EXP( SL( Jl l 
SPR( Jl=R( Jl+S( Jl 
IF(SPR(J).EQ.Ol GO TO 9 
SP R L( J l = A LOG ( SP R ( J l ) 
GO TO l 
9 SPRL(Jl = 0 .123E-70 
1 CONTINUE 
A MA X = 9 9 • / SP R ( 1 0 l 
DO 10 J=l,9 
10 SPR(Jl=99. 
DO 11 J=l O N 
11 SPR{J)=SPRlJl*AMAX 
GO TO 6 
3 DO 4 J=l, N 
T=TlNT*( J-1 l 
R L( J l =-A LA Ml *l • OE-09 *T + DL 
SL(J) = -ALAM2*1. 0E - 09* T+ Dl 
R( J l=EXP( RL( JI) 
S( JI VE XP ( SL( J) ) 
SPR( J)=R( J}-S( JI 
I F (SPR(Jl.E Q. Ol GO TO 5 
SPR L( J) =A LOG ( SPR ( J)) 









































































































4 CON Tl NUE 
DO 7 J=l,N 
7 AMAX=AMAXl (AMAX,SPR( J)) 
A MA X = 9 9 • / A MA X 
6 WRITE {3,301 R 
WR l TE ( 3,300 l S 
WRITE (3,301) SPR 
WR l TE ( 3 , 3 2 ) 
R I TE ( 3 , 3 0 l R L 
RITE (3 1 300) SL WRITE (3,301) SPRL 




1000 NC = 3 
1001 J = 1 
1002 L = l 
1003 NSE = l 
1004 AMUL TT=O 
3 CALL PLOT (AA,L,N,J,AMUL TT, NC ,NSEI 
10 FORMAT (6E1 0 .3,I5,F5. 0 ,/,5E8.l) 
34 FORMAT ( 'llHE CONCENTRATION IS ' =' , El 0 .3) 
39 FORMAT (' AKM AKDM AKO 
l ' A KF D C ' ,I , ' ' ,6 El O • 3 , ES • l ,/ , ' 
2' B24AC ALA Ml ALAM2 B 




', llEl 0 .3, 15, /, 
4' D DL ',/,' ',2El0 .3) 
32 FORMAT ( 'l THE LOG VALUES OF R, S, AND S PR, ARE AS 
30 FORMAT (' R HAS THE VALUES',/,(' ',11 El0.3ll 
300 FORMAT{' S HAS THE VALUES',/,(' ',llEl0 .3)) 
FOLLOWS 'I 










































































C DECAY ANALYSIS MK VIII DIMENSION A(lOU ,B<lOl) ,C(l 01 ),NNAV(l 0 l,FACT OR (33,33) 
NAMELIST/DATA/NUMPTS,NDAV,NNAV 
DATA FACTOR /225*0.0/ 
1001 MA XA V=33 





DO 32 J==l MAXAV 
FACTOR(J,il==l.O 
DO 31 K=4,MAXAV 
KKK=K-1 
DO 30 J=2,KKK 
FACTOR(K,Jl==FACTOR(K-1,J-l) + FACTOR(K-1,J) 
FACTOR( K,Kl =l. 0 
READ (l.11011 JOBS 
DO 2 NJUBS=l,JOBS 
DO 7 J=l,101 
7 B(Jl=O.O 
DO 8 J= 1,101 
8 C( Jl=O.O 
READ (l,DATA) 
READ (1,1 00 ) (A(Jl ,J=l ,NUMPTSl 
DO 6 J=l NUMPTS 
6 A(Jl = 100. 0 - A(Jl 
1000 READ (1,101) IDEC 
WRITE (3,303 ) IDEC 
CALL PLOT(A,1,NUMPTS,0.0,1,1,1,ll 





NA V=NNA V ( JNOA V) 
IF f NA V • GT. MA X AV ) WR I TE ( 3 , 3 0 4 l 
IF(NAV.GT.MAXAV) GO TO 2 
I START==NAV/2 
ISTOP=NUMPTS - NAV 
DO 34 J=l,ISTOP 
SUM=O.O 
DO 35 K=l ,NAV 
SUM=SUM + A(J+K-ll*FACTOR(NAV,KI 
B(J+ISTART)=SUM/NAV 
ISTOP=ISTOP+ISTART 
I STAR T=I START+l 
FACTMT==O.O 
DO 36 J=l ,NAV 
FACTMT=FACTMT + FACTOR(NAV,Jl 
FA C TM T =F AC TM T I NA V 
DO 37 J=ISTART,ISTOP 
B ( J) =B ( J) /F AC TMT 
DO 4 J=ISTART,ISTOP 
4 C ( J) =B ( J-+ 1) - 8 ( JI 
DO 40 J=l,ISTART 














































































































DO 41 J=ISTOP,NUMPTS 
C ( J I =C ( I S TOP-1 I 
4 l B ( JI =B ( I STOP I 
WRITE (3,300 ) IOEC1NAV 
CALL PLOT (B,l,NUMPTS,0. 0 ,1,l,l,O) 
WRITE (3,30ll IDEC,NAV 
CALL PLOT(C,1,NUMPTS, O.O,l,0 , 0 , 0 1 
2 CON Tl NUE 
l OO F ORMAT (14F5.2) 
10 1 FORMAT (14) 
300 FORMAT( 'l'tf////,120,'WEIGHT MO VI NG AVERAGE OF DECAY ',14, 
l' AVERAGF ',13,' POINTS',///) 
30l FORMAT ( 'l',/////,120 ,' DIFFERENTIATED SMOOTHED CURVE OF DECAY' 
l, l 4, ' A VE RAGE ' , I 3 , ' PO INT S' , / / / I 
303 FORMAT l 'l',/////,T2 0 ,'SUPPLIED DE CAY ', 14,///1 










































C PLOT SUBROUTlNE 
SUBROUTINE PLOT (A,LfN,AMULTT 1 NC 1 I I,NSEt IC ORR) DIMENSION A(lOl ,2) ,I 6J ,FMT(2u) ,t- ORM(30J 
DATA FMT /4H1'1',4H,'*',4H,'$',4H1 1 + 1 ,4Hr' # ',4H1.' f: ',4H(' ',4H ,T, 14H ),4H u,4H 1,4H 2,4H j,4H 4,4H ~,4H 6,4H 7, 
2 4H 8 , 4H 9 , 4H ( • + • l 
1001 IF(AMULTT.GT.O.O) GO TO l 
1002 IF(NSE) 2,3,4 
3 K=l 
J=l 
DO 31 NA=l,N 
D O 31 NB = 1 , NC 




AMA X=A( K, J) 
K=l 
J=l 
DO 34 NA=l,N 
DO 34 NB=l,NC 






IF(AMULTT.E Q. O.O) GO TO 42 
IF(AMIN.GT. O.O) GO TO 6 
11=1 
GO TO l 
6 IF(AMAX.GT. O.Ol GO TO 32 
I I =-1 
GO TO l 
32 I I =O 
GO TO 1 
2 K=l 
J=l 
DO 33 NA=l,N 
DO 3 3 NB = l , NC 
IF(A(K,J).LT.A(NA,NB)) GO TO 33 
K=NA 
J=NB 
33 CON TI NUE 
AMIN=A(K J) 
lF(AMIN.GE. O) GO TO 10 
AMUL TT=-AMI N 
IF(AMULTT.EQ.O.O) GO TO 42 
GO TO l 















PLO T l 5 
PLOT 16 
PLOT l 7 






































DO 30 NA =l ,N 
DO 30 NB=l ,NC 





1C03 IF(AMAX.GT.O) GO TO 13 
l 004 I l =-1 
1005 GO TO 2 
13 AMUL TT=A MAX 
IF(AMULTT.E Q.0.0) GO TO 42 
1 IF( II .EQ.O) GO TO 14 
100 6 AMULT=llO./AMULTT 
1007 GO TO 15 
14 AMULT=55./AMULTT 
l 5 DO 16 K = 1 , NC 
DO 16 J=L,N 
16 A(J,K)=AMULT*A(J,K) 
303 FORMAT ( '0 AMULT HAS THE VALUE',Fl0.2,'AMULTT HAS THE VALUE' 
l Fl0.2) 
1008 IF( 15.EQ. l) GO TO 28 
28 IF(Il) 17,18,19 
l 7 WR I TE ( 3,300) 
B-=113.4 
1(1>=113 
I 9= 113 
GO TO 20 
18 WRITE (3,3011 
B =58. 4 
I 9= 58 
1(1)=58 
GO TO 20 
19 WR I TE ( 3 , 3 02 ) 




FORM( 2) = FMT(8} 
































































I F ( I ( K ) • L T. 3 ) l ( K) =2 
IF(I(K).GT.113) I(KI = 116 




IF( L2.GT.NC1) GO TO 24 
IF(l(K).LT.I(L211 GO TO 23 
K=L2 
GO TO 23 
24 IF(IC.NE.l(K)) GO TO 36 
FORM(Ll-1) = FMTf9) 
37 WRITE (3,FORM) 
FORM( l) =FMT(20) 
DO 3 9 K3 = 3 , 2 0 
39 FORM( K3)=0 
Ll=3 
36 IC=I( K) 
IF(I(K).LT.100) GO TO 25 










FORM( Ll) = FM T( Kl 
Ll=Ll+l 
NC 2=NC 2+ l 




GO TO 26 
35 F ORM ( Ll) = FMT ( 9) 
27 WRITE (3,FORM) 
IF(ICORR.NE.l) GO TO 40 
DO 41 K=l ,NC 
DO 41 J=L ,N 
41 A(J1Kl=A(J,K)/AMULT 
GO 10 40 
42 WRITE (3,305) 
305 FORMAT (' AMULTT = 0 1 } 
3 o o F o R MA T< • o , , , E 1 , , 9 , , - , , , , o , , 9 , , - • , , , 9 , z 9 , • - , 1 , , 8 • , 9 , , - , , , , 1 , , 






































P LOT 138 
PL OT 139 
PLOT 1'10 
PLOT 141 












2'1',9( '-'),'0') 301 FORMAT ( ' 0 ' , 5 ( • - ' ) , '5 ' , 9 ( ' - ' ) , '4 ' , 9 ( • - • ) , 1 3 1 , 9 ( • - • ) , • 2 • , 9 ( • - • ) , 
1'1',9('-'l,'0',9('-'),'1',9('-'l,'2',9('-'),'3',9('-'l,' 4 ', 9 ( 1 - 1 ), 
2'5',5('-')J 3 0 2 F OR MA T ( ' 0 ' , l O ( ' - ' ) , ' l ' , 9 ( ' - 1 ) , ' 2 1 , 9 ( • - ' ) , • 3 • , 9 ( • - 1 ) , • 4 • , 9 ( • - • ) , 
1'5',9('-'),'6',9('-'),'7',9('-'),' 8 ',9('-'1,' 9 ',9('-'),' 0 ', 
29('-') '1',8('-')) 
40 WRITE {3,303) AMULT,AMULTT 
A MU L TT=O. 0 






PLO T 154 
PLOT 155 
P LOT 1 56 
PLOT 157 
P LOT 158 






::(6Y A\IALYSIS MK VL , SP'PLFX CURVE FITTIN 
OFC/\JUM , DEC\r-11 , TI~ 8 
Np AF. AM I s T G PC r. , I s T GA p I 'I AX VAL I FJ I\ CI I cu .'\ :J , s I Ip s z 
STAPT(201 , STfP(201 
NI·, ,_ I I_ J 1'-l l. ' I R. l ' r; ( 4 2. J ) J F- ( 4 J ) ' ft ( 4 J ) I u {J ' .J ( L 5 1 ) ' V ( 21 
IPkl NT , VAR(2") , ICLI\CI- , IF\ULT 
C GM Wl "J t\ ( l O 1 ) , TI ~ E ( 1 J 1 I , CC'~' C , C ( 111 I l , 3 ( U 1 l , I f- I "JAL , NlJr 1 PT S 
'1 I t-lE NS I J -i G ST J >< ( 4 2 C) , F ST c.J R Ut , ) , HST .... k ( 4) ) 
N A ME L I S T / 0 A T A / , L. l P T S , ) E C '\ U·' , Z r= ~::., , C"'_ I' C , T I ' 
N .l ,'i E L I S T / ~ M I 'J F / "i P t\ Q 4 ·~ , S TO PC R , I S T GA P , 1 '\XV t\ L I I ) 1.J A C, S I r• PS Z, I P ~ l '..J T , 
llCOI\JC~ , I ~S T~k , I~STRT , START , STEP 
C u <; u.:; Ev~~ y PO I n I l'l THE ')AT A 
I'1STQT= 
!0STJK=l 
IF I 'JAL= J 
REAO (l , 1 1 ) NJCR~ 
1 CO FOR 1A T ( I 3 I 
f10 l JU'Vi =l , \J JLn S 
RtAU ( 1 , 0AT/\) 
~-EA,) ( 1 , '"'>A J NF l 
Slt-' Pl ~=Slf"IPSL/, . I ~ 
!:{i:AO ( 1 , llll (A(J) , J=l , I\Jl,t-'DTS) 
lul FOR!1.\T( l<tF5 . 2l 
I ''11'. X=,\J?AiU,t * ( "..JPARAt'+ 1) 
I ~I\ X2=2'~1\JPAQ.A-, 
IF(I15Tt<T.E 1 . v l GO 1n 8 
REAO (1 1 21..<) (FSTOR(Jl , J=l , IMAX2l 200 F,'Jf<. 11\ T l 5E l S . 7) 
R.EA..J ( 1 , 20-l c:;sT,'JR{Jl , J=l ,ltt'\X ) 
;;,EAD (1 , 2(0) (rlST OR (Jl , J=l , IMAX?l 
'l T!J 9 
A .NI TE ( 3 , 3lJ.,) 
>.Ql'J FORMt\T ( ' 1 ', ///) 
1</R I ff ( 3 , D 'H NF l 
~ITE (3 , DATA ) 
wP IH 13,:l.[4) 
4 FOIV1A. T. ( ' 1ST;::P 1 , TLO, ' t\Kt-' ' , 12 ,' l'IKD ' , T3l ,' AKDi1 ' , T4_ ,• AK.t1D ' ,T5..i , 
1 • SCALI:: •, r f-. c , • TI r~E c CR P •, T 7 ') , • F J MC • , T ~) , • A LA 111 ' , T 1 >4 , ' AL ,v12 ', I I I I l 
T I M T = T I : 1B / ( ~ u '1 P T S /1 " l 
)1 ? J=l , I\UH>TS 
,1 J)=ZEK L- :\ ( J) 
2 TI ••F ( J I =TI ~ Tc:< J 
'.: \ LL '1 I "IF U 
I Fii'lA L=l 
C.\ LL F UNC TN 
IF! ~t\L=O 
ll="(l1ST8R . NE. ll GO TO 1 
I F ( J 18 S • E: Q • l I G LJ Fl 1 0 
h, 11 JJJJ=l '\IP/\K'\ 1 


















































































































STA{T(JJJJ) = FIJJJJ) 
STED(I'-) = . J 
·iP I TF ( .5 , 3 C •) 
4.J.l TF ( 3 , (, l Jr-) 
C .\ LL 1 I "IF UN 
IF I !if\L = 1 
C,\L L F L;,K T 
I f- I '~ '\ L = • 
'.;'l Tu 12 
STA-<TU,)=F-(o) 
STEP( o) =J . 
R ITE (3 , ·C~) 
'{JTf (3 , n,~INF) 
C~ LL ·•I NF Vt-. 
I F I J.\ L = l 
~A LL FUN( Tl' 
I F I t1A L = 0 
)1 4 J=l,J 1'\X 
If ( J . GT . I fi >.Ll C, 0 TO <t 
HST l~ ( J) =H ( J) 
F S l JR ( J ) =F ( JI 
(; S TO"Q" { J l =•, ( J l 
CALL IJUA., 
') n ':> Jo l = 1 , 5 
S I t-1 P I i\l = S I ~· P I N *l , • 
•10 5 J1=1 , 5 
HJ o J = l , I '' ~ X 
IF(J • ..,T . I'AA2l GO TO 6 
F(J)=FSTlQ(J) 
'i I J) =f-i S T•JH J) 
, ( J l =.,ST JP ( J l 
SltP<;Z=SIMPC::Z+ SI 1PIN 
,·PITt (3 , 3•1) SlMPSZ 
F OR 1 11\ T ( t l I ' / / ' T 2 J ' I s I , p s 
:ALL QUA .'.) 
ClN TI NU[ 
::;o TO 1 



























































































), C. l 
,C 
SUB'<OLT I NE FUNCTN 
COMM~N I\JPA~AM , STOPCR , ISTGAP , MAXVAL , FUNC ,I JU\U , S I MPSZ 
CilMMOM STAPT ( Z1 ) , 5 1 c:n ( Z) ) 
C <JI IMO t'\ N ~I I I I I N l , I ~ 1 , G ( 4 2 I , F ( 4 v I , H ( 4 J ) , U O , .J ( 2 5 l I , V ( 2 l C ) 
::0t1r·t0N IPPINT , VAR(?.0) , IC..11\U,IFAULT 
C 'JM '·Ill N A I 1 <' 1 I , T ( 1 J 1 I , CC ~C , C ( 1 J l l , c3 ( 1) 1 ) , I F I ~AL , '\IU ''PT S 
'1l'1E 11SI2"l PLT ( Sl , '"t) , FF(4•) 
X=l) . cn,F (ll + l ' . J**F ( 3 l *CLNC 
Y=lu . 0**F(2 ) + 1 0 . 0**F ( 4 ) 
~LA'1l=S')RT ( (Y-Xl *( Y-AI + CONC*4 . 0* l C' . 0** ( F( 3 I +F ( 4 1)) 
.\ LA 1 2 = J • 5 * ( X + Y + A L A 11 ) * 1 • 0 E - ,J 
ALA-1l=u . 5* (X + Y - ALA'1l l * l. OF -
1 F ( l f- I NA L. N[ • .J l GD T :J 1 
F UNC =: . ') 
lJ 2 J=l , ~u !DTS 
I F (I f(J)-FI "> l). U: . 0 . 1 1 GO TO 2 
T C: '1 P = \ ( J ) - 1 " • ') * * f- ( 5 ) * ( E X P ( - A L A t1 1 * ( T ( J l - F ( 6 ) ) I -
1 c: XP (-ALA "12 * ( T ( J) -F ( 6 )) ) ) 
F UNC =F UNC + TF ", P *TE '1 P 
~r:NT I '-JIJf 
~ LA .·11=,\ LA Ml H . JF q 
,\ LA '12 ='\ L \ t,2 *l . OE 9 
1J Q l TE ( 3 I ·~ ( lJ ) I R 1 I ( F ( J l ' J = 1 ' t,. p A 1{ A~ ) ' F-U ti. C ' AL A ·~ 1 ' ~ L /1 '1 2 
c: JR '1A T ( I 5 , t,F 1 ) • 6 , 1 PE l '~ . 7 , 2 X , 2 [ 14 • 7 l 
RF TUP N 
:<.=C 
JG 3 J=l , MU 'WTS , 2 
K=K +l 8 ST !J= 10 . G * >'1F ( 5 ) >'; ( E:XP ( - .\LAtH * ( T ( J) - F ( 6 l l l - E,< P ( -AL.At1 2.* ( T ( J )- F ( 6 I I I l 
JF( ( T( J)-F( '1 1). LE.O . 0 1 BSH'=•) . ) 
;:>LT(K ,ll =T(J) 
LT(K, l l= A (Jl 
o L r t K , ~ l =e s Tu 
PLT(K , 4l=/l(J)-3~TJ 
KK =K 
J 1 4 J = l I N P I~ R A ., 
IF(J . F) . 6 ) GD rn 
FF ( J ) = 1 C, . C * *F ( J) 
4 CJ!\IT [ r>.JUE 
A LA rH =A LA ".1 * 1 • C 
ALA 1.12 =A Ll\t12 *l . 'iF, 
.~ K I T F- ( 3 , 3 C 3 I I R 1 , ( F F ( J ) , J = 1 , N PAP /\ r1 ) 1 F J NC , A L '\ t~ 1 , A L !\ M 
F .JR ~A T ( I 5 , b ( 1 Pt 1 ) • 3 l , c: 14 . 7 , 2 X , 2 f l 4 • 7 ) 
~ I TF ( 3 , "301 ) 
F '1 f.. 1A r t ' 1 • , T 1 ) , • o 1.1 G r 1\1.1\ L • , n s , • o R E: c 1 c T E o • , T so , ' n 1. F r- ER Ei'lC E ' l 
WR !Tf (3 , 3C2 ) ((DLT(J 1 K), K=2 , 4 ),J=l,<.K) 
F n ~ '·1A 1 < T 1 c , F 6 . ? , T 2 ':> , F 6 . 2 , T 4L , F __, • 2 , 
CALL PL.JT(l , PLT , KK , 4 , KK , .... ,' tf'fJ*•; ', ,' **** ', 1ST'l l 







































































































::>U3{0UTI NE '1I "lFUN '1 If\JF 1 
:: J t, MON N PA F A ~~ , ST u PC R , I S T G A P , MM V AL , FJ NC , I Q(J .\ ) , <; tr P S Z 1 I \J F 2 
C1.1~0N START ( 2J ) , STE:P (2Jl MIMF , 
C n 1-~ 1111 ~~ NM , I I , "J l , I ~ l , G ( 4 2 J ) , f- ( 4 J ) , rl ( 4 J l , U ') , J ( 2 ~ 1 l , V ( 2 1 0 ) ''1 I NF 4 
:::nMM'JN JP PI H , VAR(2"1) , 1((11\Ck , ICAULT ~'1 1NF 5 
C CTM l,,O"f A.\ A A,\ A { 1 0 l l , TI ,·'IE !1 C l l , CD c\J C , CCC CCC ( 1 Jl l , B t3 [, u 8 B C TO l ) , f F 1 NA L , 1 I Ir 6 
1 N UMP TS i I H- 7 
)Jt"f-NSION FSA\/E(20) 11\IF e 
'<l=JPAPAM '1INF q 
I U 1 = I S TG :\ P 1 I \J f- 1 
I S l = 1 A X V fl. L ~1 I I\J F l 1 
I H 1 = I L U NC R r1 11\J F 1 2 
LL=O 1 I 'ff 13 
C 1IMl'4f7Il'fG" RULJTINF • 1I\JF- 14 
H=C 1 1-JF l'J 
I R 1 = Cl ·1 I ~J F l f. 
)11211=1 , Kl 1lf\JF 17 
IF( sr:P(Il)) 201 , 12 , 2Jl Mi r>JF- 11:1 
2.11 Jl=Jl+l IT'Jr 19 
1 2 C Ol'1 TI N UE 1 I •JF ? 0 
IF ( 1\11) 2 02 , 11+ , ?. C2 '1 I :\J F 2 1 
E=l\l*C~ll+l ) *ST.::,'PC~.:c<;TOPCR IT"lF 22 
P I 1 = 1 • / ~I 1 '1 I '\Jr 2 3 
14 !Pl=i<.l*Nl 1Iff 24 
I 11=8 '1 11\JF 25 
OJlHl=l ,Kl 1 11\JF 26 
l 1 2 J3 J 1 = L L , I P 1 , K 1 '1 I r-J F 2 7 
LLl=ll+Jl 11NF 2R 
G ( LL 1 ) = 5 TAR T ( I 1 ) '1 I 1\1 F 2 9 
2 0 3 (, 1 \I TI WE '1 T \Ir '1 C 
T F ( S 1 E: P ( I 1 )) ? )4 , 1 3 , 2 04 M I \J F 3 l 
I Tl = I Tl + 1 '1 I N F 3 2 
LL 1 = I 1 + I Tl * K 1 '1 I \J F , 3 
G t L L l ) = S T t P ( I 1 ) + S T AR T ( I 1 ) r1 I \J F 3 4 
1 3 C ~ l'J T I ~ JC 1 I J F 3 5 
I Tl = 1 ·~ I '\J F 3 c 
'.)02"5Jl=LL , 1Pl , Kl '1 I NF 37 
n 'J 2 J '> I 1 = 1 , n .. . M I f\J F 1 B 
Lll=Il+Jl MINF 39 
F ( I 1 I =G ( L L 1 ) '-1 I '\J F 4 r 
2J'> ':.JNTINUF 1 I r~ F 41 
Ci\ LL FL.JNC Tl' ' 1 INF 42 
rlCITll=FUMC ~1INF 43 
ITl=ITl+l MINF 4 
0? CJNTI\JUF '1 T~JF 
l•~l=Nl+l --~- Mll\JF 
J~=JQ.l Ml "JF 47 
IF( H)2 0 7 , 1 U9 , 207 11ft,1F 48 
J 7 11 = J '1 LN F 4 9 




I ,1 l = 'J 
5 CA LL 1A X 
I H =I I 
I l l=K l*l Ql - :<l 
1Fl1Vll2J8 , l7 , Z08 
208 IF(l01- Lll2J9 , ~ , 2.)9 
2 0 9 C 4 LL ,11 'I 
rr<Ll - 1Il17 , 4 , 17 
11 rr(IRl- I 11,212 , 18 , l 
210 I Tl =Ll *Kl -Kl 
QI 2llll=l , Kl 
Lll=I l+Kl 
LL2=I l+l Tl 
LL3=l l + I 11 
F ( LL 1 l =F ( L Ll l + ( G ( L L2 l -G ( L L3 l l *Pl 1 
11 C JN Tl 'WF 
2 ;r=1(I )ll 
OJ 712 11=1 , Kl 
LLl=I l+Kl 
LL2=l l+l Jl 
f ( I ll = J . *F ( LU. l -'.; C L L2- l 
; ( LL 2 l =r ( I 1 l 
212 CCNTl'\IUE 
l"-l=l~l + l 
'.: \LL i:- Uf\JC TN 
rl ( l } l l = F J I\C 
L l=l H 
lVl=l 
G1) T'l 5 
18 11,l=I 11l + llJl 
IF ( IP1 - 1Sll 213 , 213 , 1 
213 r l=C . 
F l =) . 
11214Jl=l ,N" 
,.: 1 = r 1 + 1 ! J 1 l *rl < J 1 l 
r 1 ::= 1 + I ( J ll 
214 C JN Tl WF 
t l = 'I ~ 1f l -FI *Fl 
!F(C - tll 270 , 276 , 
?76 H=O 
l 0)2l'Jll=l , J<.l 
;(l = () 
)J2lc-Jl=LL , 1Pl , t<l 
Lll=l l + Jl 
Xl=Xl+1.,( Lll) 
1 6 ( J NT I ~ Jl=-
LL l = I l + Kl 
LL?=I l+l 11 
F ( L L 1 l = ( X 1 - -; ( L L2 l l * P l 1 
215 COMTI lUf -
11NF 51 
'1 I "IF 5? 
1I'\IF 53 
1 I "IF 54 
\ INF 5 5 
1 INF 56 
I'\IF 57 
1 l'\IF 58 
1 I JF 59 
·-1 J '\JF 60 
1 I '·IF 61 
1 INF 62 
-1l'JF o3 
'1 I '\JF 64 
MI \IF 6 
1 l \IF 6 
I I JF b7 
'1 I ~J F 6 8 
1 I JF 69 
1 I .\Jf- 70 




1 I JF 7':> 
1 I "Ir 7 
'1 I I\IF 7 
'1 11\JF 78 
\Ii\lF 71 
1 I NI- 9'.J 
'1 I I\J F .'3 1 
1 I '\IF 82 
'I f\JF 8 3 
1 I '\IF 
~~ I ~ F 
I ff 
1 I JF 
'1 J.'\J F 
1 I NF 
1 I MF 
'1 l'IF 
'I I NF 
1 I '\IF 
'1 I Nt 
'UNF 









la EF=l ./ (Nl*N~) 
= c =SORT ( '.:: l *[ r ) 
I F ( I P O I ".J T l 1 501 , l 5 12 , 1 5 'J 1 
l':> 0 1 JRIT1=(3 , 217JEF _ 
21T P}P: 11ATC/55~ Lf\lfT CN I\G. CF FOffCTlCN cVALJAT[ tfN-s C 
~[11 . 4) 
15 0 2 I 'H;A)= .. 
I 1-i 1 = ·J 
:; 1 F1 1dC 
o IF( IP~l'\IT)l503 , 3CJ , l?fJ3 
1'> 0 3 ·1Q.ITE l 3 , Ll.11IR1 
218 F'lR·IAT !/,1 6rl CONVERGt:5 t\F.._T(R , Ib) 
Y) 0 C A L L '11 "l 
L 1 = I I 
I Tl=Ll*Kl-Kl 
J =I Tl ) 1 .JO ) I = 1 , Kl 
J=J+l 
C(Il=G(Jl 
1u O -:: .:: 1\Tl ,·.JlJC 
ONC =H ( Ll l 
LLl=l Tl+l 
LLZ=I Tl+Kl 
IF(I P~IH)l':>)4 , 15G5 1514 
1 5D4 J~ I TE ( 3 , ?2 :)) ( r, (I 1) , I 1 = L Ll , L L2 l 
2 2 () F Uk 1 A T ( /1 1 H 1 I '\! I '1J ~1 A T ( 3 E l 5 • 3 l I 
rl'~ITF(3 , 2?llH(Lll 
221 rnQ•IAT(/24H 1I+'HMU'1 FUNCTION VALUE= , Ell.4 1 
1':>-.i':> IF(Irlll 222 , Zu , 222 - . 2n IFI 11-11223 , 1-} , 223 
2 2 3 '11 = 1 
l 1 = ) . 
I) J224Jl=l , N\ 
7-l=ll+H(Jll 
?4 CJNT!r..JUF 
Sl TJ ?l 
19 Yl=) 
')fl225Jl=l , MN 
Y 1 = Y l +H ( J l l 
275 ClNTII\IUf 
7_ l=Zl-Yl 
Ir I E - l l * l l l 2 2 6 , 2 ? 6 , 2 ' ) 
226 7-l=Yl 
-;n TO 21 
20 )11 23, Il=l , Kl 
Lll=ITl+Tl 
<;PAK.F=G( LU l 
~ ( LL 1 l =G ( I l l 
~(Ill=SPAflt 
Ut-, , ST . [) f V:: 
1 0 1 
1 " 2 
1 ) ~ 
]04 1 .. <; 
f Oc~-






1 1 3 















l 2 'J 
l~ fl 
131 







l '1 0 
1 ; l 
14? 
l '1 3 
l 4/i 
1 4 5 1 . 
l 






3q CllNTI 'WE 
SPAPE:=H(II) 
.., ( I I l =rl ( 1 l 
H( l) = SPAR[ 
';'l F1 1r 7 
'3 I F ( .; 1- '-l ( I Q 1 ) ) ?.? 8 , :?2 q , d 
L 2 '3 H C I 11 ) =G l I 
11229I l=l , Kl 
LLl=Il+I 11 
LL2=I l+Kl 
u ( L Ll ) =F ( L L2 ) + F ( L LZ) - F ( I 1 ) 
2 2 9 C J ~ TI '\J UE-
,1J23 iJ l l = 1, K. l. 
Lll=I l+r<l 
LL2=I1+l11 
F ( I 1 ) = 1 • :> * ( F C L L 1 ) t- G ( L L? l J 
2 3 0 UJ I\J T 11\J UE: 
p.-1=1~.l+l 
': \ L L r U i\J( T N 
IF- ( FU -JC - H C I ') 1 l ) 7 C 7 , 9 , 1 
..,\LL 11 . ~ 
l"l=l I 
I 11=11l*Kl-•'1 
I Tl= l 
JJ232Jl=LL ,I P1 , Kl 
IF( Jl-101)25,,ll , 231 
2 . n ')J234Il=l , Kl 
Lll=fl +Jl 
LL2.=l l+ I 01 
F ( 11) = J . :i*( "' ( LL 1) +G ( LL2 l l 
G ( LL l) =F ( I J ) 
?J4 ClNTil\lLJi= 
IRl=I 0 l+l 
C\L L F UrJC HI 
rl ( 1 T l ) = F U ~.:( 
11 Ill=ITl+l 
?32 C 1~Tl ~lUE 
)J?3~>l l=l , Kl 
Lll=l l+Kl 
LLZ=I l+I 11 
F(LLl)=( . 5*(f-CLLl)+GCLL2l ) 
? 3 S C J N T I I\J Ut 
SJ Tl 10 
; I'll=r<..lt.-Ll-Kl 
') ) 2 H.11 = 1 , Kl 
Lll=l l+I Jl 
LL2=I1+Kl 
r ( 11) =v ( L Ll I +1.., ( LL 1) -F ( LL2) 
? 3 6 C 1 , T I l UC [ [)l =IPl+l 
"Ir1F 
'1 I \J F 
1 I ~ r 






·-1 I JF 
'1 I 'ff 
I JF 
1 ! ~IF 
'\ INF 
1 I NF 
MI NF 
1 I "JF 
M I \Jf 
I I ,JF 
1HF 
'1 I "JF 
I -l F 
' I JF 
I J F-
r• I Nr 
,; f \IF 
;,.1 I \IF-
'1 I i\J F 
,1 I 
I I\J F 
•1 I \J F 
·1 I -Ji: 
'-1 I NF 
I \J f-
11 l\lF 
'1 I ~JF 
•1 I \J F 
1 l \J 
I \J F 
·• I \J F 
1 I '\Jf 
1 I I\J F 
'1 I I\JF 
1 INF-
l i\J F 
11 INF 
'' l '\JF 
I \J F 
' I ~!F-

























l 7 :> 
17b 
177 
l 7 '4 
1 
l d·J 
























I F ( i= U 'JC -H ( L 1 ) ) 7 n 7 , 1 0 , 1 0 
7 '· -l ( L 1 ) =FU -lC 
) 11 2371~ =1 , "l 
LLl=Il+I 1 
; C LL l} =F ( I1 l 
237 COl\ill H;[ 
lC !Vl=J 
G J TO 5 
1 )7 IF(IPRI~TllS06 , 15)7 , 1516 
l 5 v 6 1·J R. I TE { 3 , 11 00 I 
11 Cl() F 1P •AT( /l 4H f ~O (lF 5;:A RCH l 
l 5 0 7 R r T u,~ ,i 
-
-It- ( l ')UAO ) 2 3 8 , l ijg , 2 3 i3 
23,q CI\ LL )UA" 
10g E T J,< N 
t: '\JD 
1 I \IF 
IHF 
·1 I \J F 
H \JF 
'' I IF 
-
~ I I'IIF 
"I I 'J F 
1 I 'JF 
'' I \J F 
1 I ·JF 
·1 I -J F 
'1 ( \Jf 
'1 I \JF 
1 I 1 F-
I I l\JF 








2 C, c; 
21( 









LT I f'iE QUA ') 
N NDA~AH , STJPCQ , ISTGAP,uAXVAL , FUNC , I 
~., 'lN ST-\ T(2')l , SffP(2 I 
AU , c; I '1 PS Z 
(251l , V(21 0 ) C OM t-10 '\J N , I I , ·1'11 , I F<. 1 , :; ( 4? J I , f- ( 4 'J ) 1 1-l ( 4 ,J ) , 0 C , 
: 0"1MON [Pd T 1 1//\0(2)l,ICC't,.C8 , IFAULT _ .- _ C Or1 '11 l'i t. ,-,. ,.,. A '\ A ( 1 d 1 f , r I '1f-( t' 0 11 , CON C , CCC CCC < 1 v 1 I , ~.;BB 513 ( 1 C 1 l , I F I f\J AL , 
l NUM PTS 
-.,noIFif) •J L;Af) SHf~\"11\JG PROG,ESS ~.ITH IRU 
ff S T I /'!G T ~ I: E H EC T F RF '·Ir V I NG T HE: VA P "'A T N • )T PO S I T IV F OF F S f ~l 
I F C I PI-' I "J T l 1 5 ,- i:. , 1 ') 0 S , 1 5 J 8 
1SC 8 WP JT[(2 ,11 1) 
ll u l ~ -lH lAT(l//5.:.H CALCL:Lt.TI[N Cf- [i ES T FITTING LOCA L ()J/\')RATIC SU.{FACF.I 




?11=1 . /H 
E T /\ = . • - J u (.I () 1 
lF.!\lJLT=J 
C EXPANDS SI~PL E:X O~T C FUNCTin~ VAL~[S AT 
Q.') F~., 1 THE HFST PJINT U:IITL TrlE: C'lFFfRE:JCE: IN 
[<;T PQJ1,1T ArJU THE VERTEX lS SUFFIC I.E.N1l'r' Ll\F0i: 
I l= 2 
Ir l = 2 
Ll=,<.l 
1 0? I F ( ,H3 S ( H I l ) - -iC 1 ) l - <; [ '1 PS l I lL l , I 2 , l 
l C12 O'J 'Z4) Jl=l , 1\1 
Lll=Jl+Ll 
F ( J l I =.; ( L L l l ~- I (, l - G ( J l l * ( I C l -1 I 
2_40 C'1'J TI '\JUC 
- C A L L f- U \JC. 1 N 
I~l=l)l+l 
-t( I 1 I =FU'~( 
IF- ( \ 3 5 ( f-i ( Ill - ; ( 1 l I - SI ''1 PS Z l 24 1 , 241 , 1 J 3 
Id ICl=ICl+ICl 
...:;,1 T·J 102 
l f3 fJO 242 Jl=l , Kl 
Lll=Jl+ll 
t,' ( L Ll )' =F ( J l l 
'1 2 C ON T I N Uf 
lCl IRl=(ll+l)*l 
IF(ll-"l N) 243,16u 
24.3 I l=I l+l 
Ll=Kl+Ll 
IF([Cl-2) 2'i4,lOP. , 
I c_ 1 =_I C 1 /2 
:;n TO 1)7 
C CHAP T [_ R. l 5 ,; 2 I l'J n K. I G I ~J ti L E i A VU' S I l.J ~ 
C CALC.lJLATE FUN([ TIO I\I VALdLS \T THE -i/\LF vii\'( rlI'\JTS ON ALL EDGE S nF-
: S1"1PLEX ll."10 f-C,:?MS CUE:f-F ICirNTS CF }JAOPATIC SU~FACE 11'. SLE~ 
c c c - , R ') 1 •J ,\ TF c:; Y s r ;: • 1 
U~J l 
OUAO 2 
0 U.:\D 1 
') UAD 4 
.UA0 5 
UAD 6 
') UA f) 7 
n U\D 
~ UI\D 9 ) U-\D l (' 
UlD 1 l )U.\D 12 
U.\Q 13 
U'\D 14 
0 UAO l c:; 
'.) UAD 16 
·) UAD 17 () U.\:) 1 ci 
') UA D 19 
) U!\O zc 
') U,\ r- 21 








0 LJ ,\D 
) IJA(l 
)U.\D 




J UA () ) LJ . \ [) 
·) U,\ (' 





U,\D '1 ( f--1 
UAO .• Q I\.) 'f C' 
UAQ 4q -.J () UA ~) 
lH .. 4 f ,{ l= 
L l=( \JN-~Nl ) / 2 -1 
1 1 1= " 1 
2<t5 11=1 , Nl 
2.4 c. J 1 = 1 , Kl 
lll=!Ql+Jl 
F ( J l l =O. 5 ~' ( G ( J l ) + G ( L Ll l l 
7 ct b C ON Tl N UE 
CA LL FUl\i(TN 
IR 1 = I c, 1 + 1 





21 .. 5 C'lf\lll"'Li: 
I R l =• 
l i")l=Ll+-Nl+l 
U ( I J 1 + 1) =H ( 1 l 
Ir> l =O 
I O 1 =.O 
ll 247 11=1, Nl 
I T 1 =O 
! O l=I 'll +n 
DO 248 Jl=l ,I 1 
I Tl=I Tl+:<l 
f)'1 24-1 Ll=l , Kl 
Lll=l Jl +Ll 
LL2=l Tl+Ll 
F ( L l l = ) . 5,q (, ( L l l l +G ( LL? l ) 
q C JN Tl N Uf 
CA LL F- LNC TI\J 
l R l=I U +l 
L Ll =N \! + I l 
LL?=·l~l+Jl 
J( I f) l + 1 ) = 2 * ( FU \JC + 1-1 ( l ) - '"i ( LL l l -H ( LL? I l 
IPl=l Pl +l 
~ CJf'. Tl f'I LE 
2 4 7 C rJ N I I N UF 
Ll =Kl 
1) fJ 2 S O I l = 1 , ' 1 
OJ ?'Jl Jl=l,Kl 
Lll=Jl+Ll 
G ( l Ll l =G ! L ll l - G ( J 1 I 
25.1. Cm.:. Tl.'I UF 
L l=Ll+-K.l 
2 ':> 0 C ONT I ,; JE 
l 'I VfRTS Htt: l"'A l r{I,< DF- CQEFFIC ! ft\ TS I\N[) C,\KCULA T [S 
1 = ' J l 
l l = Kl 
~T l ,1ATE0/11NUf1' JM 
UA f) :, 1 
() UAD 5? 
O U1\0 53 
lJAD ') 4 
UA:l 55 
I J.\ D 56 
UI\D 57 
LJ.'\O 58 
• UAO 5S 
~ UAO 60 
f) UAD 6 1 
)UAD 62 
;) U,\D - 6.3 
,) UAD 64 
·1 UAD 65 
OUAO 66 
JUAO 6 7 
Q UAO 6 
OUAP 69 
') LJ'\ D 70 
Q UL\ D. _ 71 




') UA f) 7(:,. 
') UAD 77 
1 UAO 7 8 
1 UA D 7 9 
) UAll '3 C 
UAD .'3 1 
UAO 82 
UAD 83 
) UAQ ~4 
() UAD 'i 5 
') UAD Jo 
) U.\O A 
0 UAO q 
) Ul\ f) 8 
!) UAJ c;c 
') UAD 91 
1 UAP 92 
') UAr) g3 
) UAD qt, 
')LJ.\!) . 95 
) U\D 9 
Ul\0 (, I I-' Q UAO c; e I\) 
:) U,\ D 99 CX> 
QUAD 
If'l= - 1 
JO 277 I 1=1, 11 
Kl=Iul+l 
l·l 25l Jl=Il, ,1 1 
1 = 1 . 
Lll=I 1-1 
IF ( LL 1- !J ) 41...l , 4 v , 
4)1 ')ll 2'J~ 111=1 , Lll 
LL2=I .. il+ I 1 
C l=U! LL?+l) *U( i<l+l )+Cl 
i<l=K.l+l 
C"~1TINU'"" 
I F ! I 1 - J 1 I 2 5.:. , 1 5 :32 , 2 'J 4 
J( K 1 + 1 I = U ( K 1 + l I * 'H -f 1 *Bl 
;J TC:, 15 :.D 
l~R2 Ti::ST=U(Kl+ll-Cl 
Jr( T~ ::,T. ";[.F TAI G'l TC l Ov l 
lo CO 0( K 1+ l l =') . 1 
IF( LST. 1 i:: . -: 1,\) C.0 TQ 1601 
l •J 1.. '.) I FA LL T = 1 
IF( rrRINT)l~l0,1511,15.llJ 
1 c w~ 1 T[ r 3 , 1..10? >-· · · · 
WRITE ( ~ , 99gq) TE<;T 
9S':iCJ FC1R'1.\T !11-.. , 'TEST HAS THE VALUE' ', [14 . 7 ) 
l'.}U2 FOP/1:\T(/2H-1 VAR . IIATRIX NCT PCS . )'r..F . ///1 
',J 1= '-11 
1 ? 1 1 ,{ F T U'"" ~ 
10 0 1 U!Kl+ll=~f)t·T(l./TFSTI 
l6 CJl I ~ l=U( ,<.. 1+ 1 l 
f~~j i<l=!(l+Jl-Il+l 
252 C J!',Tll\JUf 
I Li l=l'll + l l 
2 77 r: nN TI I\JUf 
I !J l =- l 
'1 f) 2 ':> ', I l = 1 , '' l 
IOl=l !J Hll 
<.. l.= I fl 1 . 
DO 15 (:l't J1=I1 , 11 
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